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COMPUTER SIMULATION INCORPORATING A HELICOPTER MODEL FOR 

EVALUATION OF  AIRCRAFT AVIONICS SYSTEMS 

Aaron J. Ostroff   and R .  Brian Wood* 
Langley  Research  Center 

SUMMARY 

A computer  program  has  been  developed t o   i n t e g r a t e   a v i o n i c s   r e s e a r c h   i n  nav- 
iga t ion ,   gu idance ,   con t ro l s ,   and   d i sp l ays   w i th  a realist ic aircraft  model. A 
u s e r   o r i e n t e d   p r o g r a m   i s ' d e s c r i b e d   t h a t   a l l o w s  a f l ex ib l e   combina t ion   o f   u se r  
supp l i ed   mode l s   t o   pe r fo rm  r e sea rch   i n   any   av ion ic s  area. A preprocessor   t ech-  
n ique   fo r   s e l ec t ing   va r ious   mode l s   w i thou t   s ign i f i can t ly   chang ing   t he  memory 
s t o r a g e  is included.  Also  included are mathemat ica l   models   for   severa l   av ionics  
e r ror   models   and   for  t he  CH-47 he l i cop te r   u sed   i n   t h i s   p rog ram.  

INTRODUCTION 

Avionics   research is being  conducted a t  the  Langley Research C e n t e r   i n  
areas related to   nav iga t ion ,   gu idance ,   con t ro l ,   and   d i sp l ays  (ref.  1) .  An over- 
a l l  s imula t ion  is r e q u i r e d   t o   e v a l u a t e   a n d   i n t e g r a t e   t h e   v a r i o u s  areas o f   t h i s  
research. The purpose   o f   the   p resent   paper  is t o  describe the   s imu la t ion   p ro -  
gram and its c a p a b i l i t i e s .  

One requirement is t o   d e v e l o p  a computer  program t h a t   g i v e s  each re sea rche r  
t h e   c a p a b i l i t y   o f   e v a l u a t i n g   a n   a v i o n i c s  area independent ly   f rom  other   research 
areas without  r i g i d  time schedu les .   Fu r the r ,   a lgo r i thms  that  are developed 
should be i n c l u d e d   i n t o  t h e  s imulat ion  with  minimal   impact  on t h e  overa l l   p ro-  
gram. The preceding  requirement has been met by us ing  a modular   type  design.  
A se t  conf igu ra t ion   r ep resen t ing  a l l  o f  t h e  av ionics   sys tems  envis ioned  has been 
de f ined ,  wi th  separa te   modules   represent ing  t h e  va r ious  measurement s enso r s  and 
a v i o n i c s   f u n c t i o n s .   P o t e n t i a l l y ,  10 d i f f e ren t   u se r   supp l i ed   mode l s   can  be 
selected fo r   each   o f   t he   modu les   i n   t he   s imu la t ion .  The choice  of  models is 
accomplished by a series o f   d e f a u l t s ;   o v e r r i d i n g   c a n  be accomplished  with  the 
use  of   input  data cards. A spec ia l ly   des igned   preprocessor   combines  t he  inpu t  
data and   defaul t  data i n   o r d e r   t o  assemble a complete  program. This  program 
inc ludes  a six-degree-of-freedom CH-47B h e l i c o p t e r  model ( ref .  2 ) .  After a 
model has  been  developed, it is added t o   t h e  p rogram  sub rou t ine   l i b ra ry   fo r   u se  
by o the r   r e sea rche r s .  

The computer  program  must be s imple   t o   u se   and   ea s i ly   unde r s tood   s ince  
u s e r s   o f   v a r i o u s   d i s c i p l i n e s  w i l l  be running  the  program. NAMELIST type  data 
are used   fo r   t he   i npu t ,   and   on ly   t he  data a s s o c i a t e d   w i t h   t h e   p a r t i c u l a r   s i m u l a -  

~~ . ~~ 
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t ion   be ing   run  are requ i r ed .  This  f e a t u r e  is accomplished by the  series of 
d e f a u l t s   p r e v i o u s l y  described. 

Another  requirement t h a t   t h e  computer  program  should  have is the  c a p a b i l i t y  
of r ep lac ing  any  computer  software  module by its e q u i v a l e n t  hardware and  of  eval- 
uating the  hardware i n  the o v e r a l l   s i m u l a t i o n   s y s t e m .   I n   c e r t a i n  cases, p i l o t  
c a p a b i l i t y  is a l s o   r e q u i r e d .  These f e a t u r e s  dictate  the need f o r  a real-time 
s imula t ion .  Two programs  ,have  been  developed  and are main ta ined ,   one   for   ba tch  
type  research and the  o t h e r   f o r  real-time capabi l i ty .   These  programs are main- 
t a i n e d  as n e a r l y  similar as p o s s i b l e   w i t h i n  t he  limits of  t he  Langley  computer 
complex. The real-time program  can be combined wi th  hardware t o  meet t h i s  
requirement .  The computer  software  module  can be d e l e t e d  by a simple i n p u t  data 
card that s e l e c t s  a dummy model with z e r o   i t e r a t i o n   f r e q u e n c y .  The equ iva len t  
input  communication is car r ied   ou t   th rough electrical i n p u t / o u t p u t   c h a n n e l s   t o  
t he  actual hardware. 

Elements  of  structured  type  programing  have  been  used where a p p l i c a b l e .  
The main l ine  and much of the  programing i n  t h e  s u b r o u t i n e s   u s e  top-down s t r u c -  
turing. With the  Langley FORTRAN compi l e r s ,   s t ruc tu red   p rog raming   t ends   t o  be 
i n e f f i c i e n t  with r e s p e c t   t o  time and ,   t o  some degree, memory s t o r a g e .  The effi-  
ciency  problem has been traded o f f   t o   m a i n t a i n   s i n g l e - i n p u t ,   s i n g l e - o u t p u t   t y p e  
programing as much as p o s s i b l e .  

An overlay  program has been  developed  to  minimize  core  storage.   In  gen- 
eral ,  the  program  can  be run with approximately 60 000 o c t a l  words. The itera- 
t ion   f requency   of   every  module is selectable by the  user   th rough a s imple  data 
card. P r i n t   o p t i o n s  are a l s o   s e l e c t e d  by i n p u t  data cards, wi th  each module  hav- 
ing at  least one op t ion .  

SYMBOLS 

A1,A2,A3,A4 mat r ix   componen t s   r ep resen t ing   s t ab i l i t y   de r iva t ives  (eq. (15 ) )  

BlIB2,B3,B4 mat r ix   componen t s   r ep resen t ing   con t ro l   de r iva t ives   ( eq .  (15 ) )  

ct: mat r ix   t r ans fo rma t ion  from body frame t o   g e o g r a p h i c  .frame 

Cb ma t r ix   t r ans fo rma t ion  from  geographic frame t o  body frame n 

dW c o r r e l a t i o n   d i s t a n c e ,  m (eq. (12)) 

E e r r o r  term 

F 9 x 9 system  matr ix   (eq.  (10 ) )  

Fx,Fy,Fz  summation  of a l l  f o r c e s   a l o n g   l o n g i t u d i n a l ,  la teral ,  and v e r t i c a l  body 
a x e s ,   r e s p e c t i v e l y  

F1 J2 gene ra l  terms f o r   l o n g i t u d i n a l  and lateral  p e r t u r b a t i o n   l i n e a r   a n d  
a n g u l a r   a c c e l e r a t i o n s   ( e q s .  (151, (161,  and ( 1 7 ) )  
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vector f o r   a c c e l e r a t i o n  of body r e l a t i v e   t o   i n e r t i a l   s p a c e ,  m/sec2 
(eq. (19))  

G 9 x 6 forcing matrix (eq. (10)) 

g scalar magni tude   o f   g rav i ty ,  m/sec2 

8 g r a v i t y   v e c t o r   i n   g e o g r a p h i c  frame, m/sec2 

Hs s t a t i o n   a l t i t u d e ,  m 

I x x , I y y , I z ~  aircraft moments of i n e r t i a   a b o u t   l o n g i t u d i n a l ,  lateral ,  and  ver- 
A t ical  a x e s ,   r e s p e c t i v e l y ,  kg-m2 

Ixz aircraft p r o d u c t   o f   i n e r t i a   i n   l o n g i t u d i n a l   p l a n e ,  kglm2 .(  J X Z  f o r  com- 
puter   example  in   appendix)  

I 1  , I 2 , I 3   i n e r t i a   p r o d u c t s   ( e q s .   ( 2 1 ) )  

LH,&H aircraft  l a t i t u d e  and long i tude ,  rad 

i H  ,iH der iva t ives   o f  a i rcraf t  l a t i t u d e  and l o n g i t u d e ,  rad/sec (eq. (210) 

Ls l a t i t u d e  and  longi tude of g round   s t a t ion ,  rad 

Mx,My,Mz r o l l i n g ,   p i t c h i n g ,  and  yawing  moments, r e s p e c t i v e l y  

m a i r c r a f t  mass, kg 

N random  number 

P , q , r  aircraft r o l l  rate, p i t c h  rate, and yaw rate, r e s p e c t i v e l y ,   r a d / s e c  

p ~ , q I , r I  measured r o l l   r a t e ,  p i tch  rate, and yaw r a t e ,   r e s p e c t i v e l y ,  rad/sec 

Q whi te-noise   s t rength  (eq. (9)) 

; 6 X 1 f o r c i n g   f u n c t i o n   v e c t o r  (eq. (10)) 

R range  measurement, m (eq.  (4)) 

Re r a d i u s   o f  Ea r th ,  m 

RH aircraft  a l t i t u d e   r e l a t i v e   t o  mass cen te r   o f  Earth,  m (eq. (25)) 

S s c a l e  factor 

ua,va,wa  measured airspeed components   a long  longi tudinal ,  lateral ,  a n d   v e r t i c a l  
body axes, r e s p e c t i v e l y ,  m/sec 

Ua,N~Va,N~Wa,N nominal   a i rspeed  components   a long  longi tudinal ,  lateral ,  and 
v e r t i c a l  body a x e s ,   r e s p e c t i v e l y ,  m/sec 



UH,VH,WH aircraft groundspeed  components   a long  longi tudinal ,  la teral ,  and   ve r t i -  
cal  body a x e s ,   r e s p e c t i v e l y ,  m/sec 

UW,VW,WW wind ve loc i ty   components   a long   longi tudina l ,  la teral ,  and v e r t i c a l  
body a x e s ,   r e s p e c t i v e l y ,  m/sec 

61 ,+I,;I measured   acce le ra t ions   a lon   l ong i tud ina l ,  la teral ,  and vertical body 
a x e s ,   r e s p e c t i v e l y ,  m/sec 9 

+ 
V" aircraft v e l o c i t y   v e c t o r   i n   g e o g r a p h i c  frame, m/sec 

V" aircraft a c c e i e r a t i o n   v e c t o r   i n   g e o g r a p h i c  frame, m/sec2 (eq .   (18) )  
A 

W wind magnitude, m/sec (eqs-. (26)   and  (27))  

Xa,v,H aircraf t  airspeed magnitude, m/sec (eq. ( 2 6 ) )  

a i rcraf t  north  groundspeed,  m/sec 

X V , H  aircraft groundspeed, m/sec (eqs. (12)   and  (26))  

x1 :x2 s ta te  p e r t u r b a t i o n s   ( e q .  (15))  

+H a i rcraf t  east groundspeed, m/sec 

ZH a i rcraf t  a l t i t u d e ,  m (eq. ( 2 5 ) )  

i H  aircraft  v e r t i c a l   v e l o c i t y ,  m/sec- ( e q .   ( 2 4 ) )  

AFx ,AFy ,AFz l o n g i t u d i n a l ,  la teral ,  and v e r t i c a l   p e r t u r b a t i o n ,   f o r c e s ,  respec- 
t i v e l y   i n  body frame, m/sec2 (eq. (141) 

AMx,AMy,hMz ro l l i ng ,   p i t ch ing ,   and   yawing   pe r tu rba t ion  moments, r e s p e c t i v e l y ,  
i n  body frame,  rad/sec* (eq . ( 1 4 ) )  

Ap,Aq,Ar p e r t u r b a t i o n s   i n  roll r a t e ,  p i t c h  ra te ,  and yaw r a t e ,  r e s p e c t i v e l y ,   i n  
body frame, rad/sec (eq. ( 1 4 ) )  

ARd range-difference  measurement,  m ( eq .  ( 7 ) )  

h a ,  Ava, Awa l o n g i t u d i n a l ,  la teral ,  and v e r t i c a l  airspeed p e r t u r b a t i o n  compo- 
n e n t s ,   r e s p e c t i v e l y ,   i n  body frame, m/sec (eq .   (13 ) )  

6L, 611 n a v i g a t o r   m e a s u r e d   p o s i t i o n   e r r o r s   i n   l a t i t u d e   a n d   l o n g i t u d e ,  rad 

6 i  , s i  d e r i v a t i v e s   o f  6 L  and dl, 

6 p e r t u r b a t i o n  s t a t e  vec to r   ( eq .  ( 1  1 1) 

sxi d e r i v a t i v e   o f   p e r t u r b a t i o n  s ta te  vec to r   ( eq .   (10 ) )  

(eq. ( 1 1 ) )  
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62 n a v i g a t o r   m e a s u r e d   p o s i t i o n   e r r o r   i n   a l t i t u d e ,  m ( eq .   (11 ) )  

si d e r i v a t i v e  of 6Z 

6 ~ , 6 c  ,6,, 6~ l o n g i t u d i n a l ,   c o l l e c t i v e ,  lateral ,  a n d   d i r e c t i o n a l   c o n t r o l  , s t ick 
p o s i t i o n s ,   r e s p e c t i v e l y ,  m ( eq .   (14 ) )  

d n  

db 
en 

i b  

3 b  nb 

j b  
i b  

p e r t u r b a t i o n   c o n t r o l  s t ick v e c t o r ,  m (see f i g .  3 )  
. .  

n o r t h ,  east, and downward p la t form tilt e r r o r s ,   r e s p e c t i v e l y ,  rad 
(eq .   (11) )  

angle of  wind vector  measured  clockwise from n o r t h   t o '  t a i l  of v e c t o r ,  
rad (eqs .  (26) and (27))  

measured  azimuth  and  e levat ion  angles ,  rad (eqs .  (6) and   (5 ) )  

aircraft  p i t c h ,   r o l l ,  and yaw E u l e r   a n g l e s ,   r e s p e c t i v e l y ,  rad 

d e r i v a t i v e s   o f  OH, $H,  and $H, r e s p e c t i v e l y ,  rad/sec (eq.  (22 ) )  

measured p i t c h ,  roll, and yaw E u l e r   a n g l e s ,   r e s p e c t i v e l y ,  rad 

nominal p i t c h  and yaw Eu le r   ang le s ,  rad (eq. ( 1 9 ) )  

c o n t r o l - s t i c k   p e r t u r b a t i o n s ,  m (eq. (15) )  

measured  distance  between master s t a t i o n   a n d  a i rcraf t ,  m (eq .  ( 8 ) )  

measured  dis tance  between  s lave  s ta t ion  and aircraft ,  m (eq .  ( 8 ) )  

s t anda rd   dev ia t ion  

time c o n s t a n t ,  sec 

i n i t i a l  aircraft groundt rack   angle ,  rad (eqs. (26)  and ( 2 7 ) )  

skew symmetric  matrix f o r  a n g u l a r   v e l o c i t y  of geographic  frame rela- 
t i v e   t o   a n  Ear th  f i x e d  frame in   geographic- f rame  coord ina tes ,  rad/sec 
(eq. ( 1 8 ) )  

a n g u l a r   v e l o c i t y   v e c t o r  whose elements   comprise   matr ix  51" rad/sec . .  en ' 
a n g u l a r   v e l o c i t y   v e c t o r  of body frame r e l a t i v e   t o   a n   i n e r t i a l  frame i n  

. . .  

body-frame  coordinates., rad/sec 

a n g u l a r   v e l o c i t y   v e c t o r   o f  body frame r e l a t i v e   t o  a geographic  frame i n  
body-frame coord ina te s ,  rad/sec (eq . (23)  ) .  

a n g u l a r   a c c e l e r a t i o n   v e c t o r   o f  body frame r e l a t i v e   t o   a n   i n e r t i a l  frame 
i n  body-frame coord ina te s ,  rad/sec2 (eq.  (20))  
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AVIONICS  SIMULATION 

General  Flow 

The computer  program is composed of many independent  modules tha t  r e p r e s e n t  
either s p e c i f i c  hardware onboard   an   ac tua l  aircraft  ( such  as rate g y r o s ) ,   e x t e r -  
na l   nav iga t ion  aids,  o r  a p h y s i c a l   f u n c t i o n   ( s u c h  as winds) .  A s impl i f i ed   b lock  
diagram of  t h e  s imula t ion  is shown i n   f i g u r e  1.  I n   g e n e r a l ,  t h e  h e l i c o p t e r  model 
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I I I 
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computer computer 
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Figure  1.- S impl i f ied   b lock  diagram of   s imu la t ion .  
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c a l c u l a t e s  and feeds back p e r f e c t   s i g n a l s ,   s u c h  as l i n e a r  and   angular   ve loc i -  
t ies,  a c c e l e r a t i o n s ,   p o s i t i o n s ,   a n d   a n g l e s .  The sensor   models   use as i n p u t s  t h e  
h e l i c o p t e r   d e r i v e d   s i g n a l s   a n d   g e n e r a t e   a p p r o p r i a t e   o u t p u t   v a r i a b l e s  to repre-  
s e n t  the  measurements.  For  perfect  measurements, the  ou tpu t  is e q u i v a l e n t   t o  
the i n p u t .  For mode l s   w i th   e r ro r s ,  t he  output  is a co r rup ted   ve r s ion   o f  t he  
i n p u t .  Each of  the three b l o c k s   f o r   s e n s o r s   a c t u a l l y   r e p r e s e n t s   s e v e r a l   s p e c i f i c  
sensor  modules t h a t  are descr ibed  subsequent ly .  

The outputs   f rom the  i n e r t i a l   m e a s u r i n g   u n i t  (IN) senso r s   f eed  a nav iga to r  
computer  module. The p r e s e n t l y   a v a i l a b l e  module r e p r e s e n t s   a n   e r r o r  model o f  
the  navigat ion  computer ,   but  the module  can e a s i l y  accommodate a c t u a l   n a v i g a t i o n  
computer  equations.  

A l l  of  the  measurement data f e e d   i n t o   a n   e s t i m a t o r  module. A Kalman f i l t e r  
is t h e  most l i k e l y   c a n d i d a t e   f o r  t he  module,   al though  any  type  of  estimator may 
be inc luded .   P re sen t ly ,  a dummy model is i n s t a l l e d  wi th  t h e  ou tpu t  estimate 
be ing   an   exac t   dupl ica te   o f  t he  i n p u t .  

The guidance  computer  and  external  guidance commands are composed of  sev- 
e r a l  modules.  Guidance commands can be g e n e r a t e d   i n t e r n a l l y  by s tored  nominal  
t r a j e c t o r y  data and   au tomat ic   gu idance   s teer ing  laws. Ex te rna l  commands are gen- 
e ra t ed  by the  p i l o t  or by a i r  t r a f f i c   c o n t r o l  ( A T C ) .  The guidance  outputs  gen- 
erally r ep resen t  some t y p e   o f   p e r t u r b a t i o n   e r r o r  commands and a r e  fed i n t o  t h e  
control   computer .  The c o n t r o l  computer  uses these commands to   gene ra t e   equ iva -  
l e n t   c o n t r o l   s t i c k  commands. For t he  CH-47B h e l i c o p t e r ,   f o u r   c o n t r o l   c h a n n e l s  
are used. The model i s - a l s o  capable o f   a c c e p t i n g   i n p u t   s t i c k  commands from t h e  
p i l o t .  

The h e l i c o p t e r  module cons is t s   o f   severa l   submodules .  The main s e c t i o n s  
inc lude   ac tua to r   and  rotor n o n l i n e a r i t i e s  and  dynamics,   force  and moment ca l cu la -  
t i ons ,   equa t ions   o f   mo t ion ,   and   an   upda te   s ec t ion   t o   ca l cu la t e  a l l  of  the  v a r i -  

^abies t h a t  are fed t o  t h e  sensor  modules.  

Mainline 

The main l ine  is e s s e n t i a l l y  an  execut ive tha t  de te rmines   the  time a module 
is t o  be executed.  Each module is tested to   de t e rmine  the time to   upda te  t h e  
equa t ions ,  whether it c o n t a i n s   d i f f e r e n t i a l   e q u a t i o n s ,   a n d   i f  the p r i n t   o p t i o n  
has been   se lec ted .  The i t e r a t i o n   f r e q u e n c y   f o r  each module is s e l e c t e d  by 
either i n p u t t i n g  the data or a l lowing  the  d e f a u l t   v a l u e   t o  be chosen. An i n i t i a l -  
i z a t i o n   s u b r o u t i n e  (TIMVARS) uses  t h i s  f requency   da ta   to   de te rmine  t h e  update  
time increments  and t h e  i n i t i a l   s t a r t i n g  times. For   i npu t   f r equenc ie s   o f   ze ro ,  
the i n i t i a l   s t a r t i n g  times are made ve ry  large such t h a t   t h e  module is never  
c a l l e d .  The i n i t i a l   s t a r t i n g  times f o r  a l l  other  modules are set  t o   z e r o ,  
e x c e p t   f o r  t he  e x t e r n a l   n a v i g a t i o n  aids which have selectable start and  end 
times. 

I n  t h e  real-time v e r s i o n ,  i f  a module has d i f f e r e n t i a l   e q u a t i o n s ,  t h e  mod- 
u l e  is entered  and the  d i f f e r e n t i a l   e q u a t i o n s  are in t eg ra t ed   i ndependen t ly   o f  
the update  time. The e n t i r e  modu le ,   i nc lud ing   d i f f e ren t i a l   equa t ions ,  is exe- 



cuted  when the upda te . t ime  is reached. I n  the batch program, t h e  different ia l  
- equa t ions  are i n t e g r a t e d . o n l y   d u r i n g  the  module  execution time. 

Ine r t i a l   Measu r ing   Un i t  (IMU) Modules 

The IMU modules   consis t   of   four   major   modules ,  each o'f which have three mea- 
s u r e m e n t s   f o r   a t t i t u d e s ,  ra tes ,  l i n e a r   a c c e l e r a t i o n s ,   a n d   a n g u l a r   a c c e l e r a t i o n s .  
The last item is a dummy module wi th  a n   i t e r a t i o n   f r e q u e n c y  tha t  p r e s e n t l y  
d e f a u l t s   t o   z e r o .  This  module is inc luded   t o   p rov ide  the  c a p a b i l i t y   o f   i n c o r p o -  
r a t ing   angu la r   acce l e ra t ion   measu remen t s  i f  t he  need arises. 

The three outputs   f rom t h e  a t t i t u d e  module are the  body a t t i t u d e s   f o r  p i t c h  b 

01, roll $1, and  heading $1, a l l  r e l a t i v e   t o  a l o c a l   l e v e l   g e o g r a p h i c  Ear th  
frame. The outputs   f rom the ra te  g y r o   a n d   l i n e a r  accelerometer modules are body- 
a x i s   m e a s u r e m e n t s   r e l a t i v e   t o   i n e r t i a l   s p a c e .  The three rate gyro   ou tpu t s  are 
the  p i t c h  rate 91, roll ra te  pI,  and yaw rate rT. The three acce lerometer  
ou tpu t s  are the  specif ic  force  measurements 61, vI,  and GI i n  t h e  l o n g i t u d i -  
n a l ,  lateral ,  and downward d i r e c t i o n s ,   r e s p e c t i v e l y .  

Two types  of  models are p r e s e n t l y   o f f e r e d :  a p e r f e c t   s e n s o r  model w i th  t he  
o u t p u t   e q u a l   t o  the inpu t   and   an   e r ro r  model w i th  t h e  ou tpu t   be ing  a cor rupted  
vers ion   of  the i n p u t .  All three er ror   models   have  t h e  c a p a b i l i t y   o f   i n c l u d i n g  
both b i a s  and random t y p e   e r r o r s .  Both bias and random e r r o r s  are c a l c u l a t e d  
f o r   e v e r y   s e n s o r  by mul t ip ly ing  t h e  o u t p u t   o f  a white-noise  random-number genera- 
t o r  wi th  G a u s s i a n   d i s t r i b u t i o n  N by the  s t a n d a r d   d e v i a t i o n  (5 of  t h e  e r r o r ;  
t h a t  i s ,  

where E r e p r e s e n t s  e i ther  type   o f  error. The values   .of  0 f o r   b o t h  t h e  bias 
and the  random e r r o r s  are inpu t  by the u s e r ,  the  d e f a u l t  case being  zero.  Bias 
e r r o r s  are i n i t i a l i z e d   p r i o r   t o  t h e  ope ra t e   l oop ,  whereas random e r r o r s  are 
updated each time the  e r r o r  model is called. 

S c a l e   f a c t o r   e r r o r s  are a l s o   i n c l u d e d   i n   b o t h  t h e  a t t i tude-gyro   and  rate- 
gyro   e r ror   models .  The sca le  f a c t o r  S f o r   e v e r y   g y r o  is i n i t i a l i z e d   p r i o r   t o  
t h e  ope ra t e   l oop  as 

S = 0.01N0 + 1.0 

Note tha t  a l l  e r r o r   m o d e l s   s i m p l i f y   t o  the p e r f e c t  case i f  t h e  i n p u t  0 f o r  
each e r r o r  is set  e q u a l   t o   z e r o .  The c a p a b i l i t y   e x i s t s   f o r   i n c o r p o r a t i n g   s e v -  
e ra l  o ther   types   o f   user   suppl ied   models .  T h i s  c a p a b i l i t y  is d iscussed  i n  the 
s e c t i o n   e n t i t l e d   " P r e p r o c e s s o r . "  

Other Onboard Sensors  

The four   modules   included  in  t h e  other-onboard-sensors   block  of   f igure 1 
are a i r  data,  g roundspeed ,   head ing   r e fe rence ,   and   abso lu t e   a l t i t ude .  Only per-  
fect sensor  models are p resen t ly   i nc luded .  The main   reason   for   incorpora t ing  

8 



these modules is t o  have the c a p a b i l i t y   o f  adding models which r e p r e s e n t  these 
avionics   sys tems  wi th  l i t t l e  impact on the overall   computer  program. The typ i -  
cal outputs   f rom each module are defined  and are i n  comuion s t o r a g e ,   b u t  t h e  out- 
puts   and their  d e f i n i t i o n s  are subjec t   to   change ,   depending  upon u s e r   p r e f e r -  
ence. The defaul t   f requency  is z e r o   f o r  each o f  these modules. 

The p resen t ly   de f ined  a i r  d a t a   o u t p u t s  are the  three body-axis  components 
o f   t r u e   a i r s p e e d  UAD, VAD, and WAD, b a r o m e t r i c   a l t i t u d e  ZBAD, and  angles   of  
attack “AD a n d   s i d e s l i p  BAD. Other t y p i c a l  a i r  data ou tpu t s  that  might be 
cons idered ,   bu t  are n o t   p a r t   o f  t h e  p resen t   modu le ,   i nc lude   i nd ica t ed   a i r speed ,  
Mach number,  and a l t i t u d e  rate. 

The three outputs   f rom t h e  groundspeed  module  include  the  north,  east, and 
downward components  of Earth v e l o c i t y .  A typ ica l   onboard   sensor  tha t  would g ive  
t h i s  type  of .measurement  is Doppler radar. 

The present ly   def ined   heading   re ference   ou tput  is the  ground-track  angle  
r e l a t i v e   t o   n o r t h ;  t ha t  i s ,  

@heading   re ference  = tan-’ 2 
iH 

where k~ and 2~ r e p r e s e n t  the aircraft  north  and east groundspeeds,  respec- 
t ive ly .   Another   poss ib le   heading  model t h a t  a use r  might inco rpora t e  is f o r  the  
airspeed heading   vec tor .   Typica l   sensors   for   heading   inc lude  a magnetic com- 
pass ,   d i rec t iona l   gyro ,   and   gyrocompass .  

The a b s o l u t e   a l t i t u d e   o u t p u t  Z A A .  is t h e  a l t i t u d e   r e l a t i v e   t o  t h e  ground. 
A radar altimeter and   an   acous t ic  altimeter are t y p i c a l   t y p e s   o f   s e n s o r s .  T h i s  
module a l s o  has  t h e  c a p a b i l i t y   o f   i n p u t t i n g  t h e  he igh t  of  t h e  t e r r a i n   d i r e c t l y  
below t h e  a i rcraf t .  P r e s e n t l y ,  t h e  t e r r a i n   a l t i t u d e  is d e f a u l t e d   t o   z e r o ,   a n d  
ZAA is the  same as ZBAD. 

External  Navaids 

Radio  communication  between  ground-based  stations  and t h e  aircraft  provides  
e x t e r n a l   n a v i g a t i o n a l  data. The computer  program has the  capab i l i t y   o f   i nco rpo-  
r a t ing   and   u s ing   s imul t aneous ly  up to   n ine   d i f f e ren t   nava id   modu les   i n   any  com- 
b ina t ion ,   p lus   an   add i t iona l   capab i l i t y   o f   choos ing   any   one   o f  a p o s s i b l e   n i n e  
models  for each navaid.  The three nav iga t iona l   measu remen t s   p re sen t ly   ava i l ab le  
are f o r   r a n g e  (DME), elevat ion  and  azimuth  angles  (MLS), and  range   d i f fe rence  
(Loran, Omega). Each n a v i g a t i o n a l  type has two models  from  which t o  select .  A l l  
models   have  calculat ions  of  t he  actual   measurement  based upon a c t u a l   s t a t i o n  
c o o r d i n a t e s   ( l a t i t u d e ,   l o n g i t u d e ,   a n d   a l t i t u d e ) ,   a c t u a l   h e l i c o p t e r   c o o r d i n a t e s ,  
and  noise  related e r r o r s  i f  t h e  e r r o r s  are selected. The second  model  of each 
nava id   t ype   a l so  has a c a l c u l a t i o n   o f  t h e  nominal  measurement based upon esti-  
mated s t a t i o n   c o o r d i n a t e s   a n d  desired aircraft  coord ina te s .  The nominal  measure- 
ment  would l i k e l y  be u s e d   i n  a Kalman f i l t e r  t h a t  is l i n e a r i z e d   a b o u t  a nominal 
pa th .  The s t a t i o n   c o o r d i n a t e s  are i n p u t  data f o r  each of these modules. 

9 



Distance-measuring  equipment (DME) is the  range   measur ing   ex terna l   nava id  
p r e s e n t l y   i n s t a l l e d .  A t o t a l  of 10 s t a t i o n s   c a n  be inc luded   i n   any   run ,  w i t h  
any 3 s t a t i o n s   o p e r a t i n g   s i m u l t a n e o u s l y .   C a l l . s t a t e m e n t s - t o  the modules a r e  , ,  . 

func t ions   o f   t he   i t e r a t ion   f r equency   and  the  start and s t o p  t i m e  for a n y .   s t a t i o n  
measurement. Bias and . r andom  e r ro r s  are inc luded   in '   the   ac tua l   measurement   and  
are c a l c u l a t e d  as d e s c r i b e d ' i n   e q u a t i o n  ( 1 ) .  

. .  . 

The s t a n d a r d   d e v i a t i o n s   f o r  these e r ro r s   and  the  time data f o r  each s t a t i o n  
are i n p u t s   t o  t he  program. The ac tua l   ca lcu la t ion   range   measurement  R is 
(ref. 3)  

where LH, R H ,  and ZH are the  aircraft  coord ina te s  ( w i t h  ZH p o s i t i v e  down), 
L,, R,, and Hs are the  s t a t i o n   c o o r d i n a t e s ,  Re is t h e  Ear th  rad ius ,   and  E 
is the  n o i s e   e r r o r .  If t h e   a i r c r a f t  is n o t   w i t h i n   l i n e   o f  s ight  from the  sta- 
t i o n ,  a p o s s i b - i l i t y  with s p h e r i c a l  Ear th ,  or is farther than  the  maximum DME 
range  of 370 km (200 n a u t i c a l  miles), t he  measurement c a l c u l a t i o n  w i l l  no t  be 
made. The maximum range  can be v a r i e d  by changing a DATA s t a t emen t .  A flag out-  
p u t  is a v a i l a b l e  whenever a v a l i d  measurement is made. If the  p r i n t   o p t i o n   f o r  
t h i s  module is selected, the  program w i l l  p r in t   any  of up t o  three measurements 
s imul taneous ly ,   inc luding  the  time of  t he  las t  v a l i d  measurement for each sta- 
t ion .   Equat ion  ( 4 )  is a good approximation  within t h e  DME measurement  range. 
For the  maximum range  of  370 km, the  e r r o r  is approximately 0.15 percent  high as 
compared t o  a more exac t   formula t ion  that  uses s p h e r i c a l   t r i g o n o m e t r y .  

Microwave landing  systems (MLS) are t y p i c a l   a n g l e   m e a s u r i n g   e x t e r n a l  
nava ids .  The gene ra l   equa t ion  for t he  a c t u a l   e l e v a t i o n   a n g l e  e e l  is 

"L 

The las t  term in   t he   numera to r  is a c o r r e c t i o n   f a c t o r   s i n c e  
a l l y   p r o v i d e   a n g l e s   r e l a t i v e   t o  a coord ina te  frame tha t .  has 
azimuth  antenna. The e q u a t i o n   f o r  t he  actual azimuth  angle  

MLS systems gener-  
t h e  o r i g i n  a t  t h e  
ea , .  is 

The a n g l e s   c a l c u l a t e d   i n   e q u a t i o n s  ( 5 )  and ( 6 )  are a p p l i c a b l e   t o  a c o n i c a l  mea- 
su r ing  type  sys t em.  

The e r r o r  E is d i f f e r e n t   i n   e a c h  case. The i n p u t s  are similar t o   t h o s e  
f o r  the  range  measurement, w i th  t h e  a d d i t i o n   o f  a c e n t e r - l i n e   a n g l e   f o r  t he  a z i -  
muth  measurement. A measurement w i l l  no t  be made i f  t h e  az imuth   angle  is out-  
side a 60° boundary  from the  c e n t e r   l i n e ,  t he  e l e v a t i o n   a n g l e  is no t   w i th in  t h e  
limits of l o  t o  20°, or t he  maximum range of 55.6 km (30 n a u t i c a l  miles) is 
exceeded. The limits can be changed by modifying a DATA s ta tement .  

10 

. . .. 



The range-difference  modsls  
i n c l u d e   p o s i t i o n   c o o r d i n a t e s   f o r  

can be used   fo r  either Omega or   Loran .   Inputs  
both  one master and  two s l a v e   s t a t i o n s  

(ref. 31,  i t e r a t i o n   f r e q u e n c y ,  start and  end times f o r  a complete  measurement, 
and time lags f o r  each o f  t he  s lave   s ta t ion   measurements .  The t i m e  lags are 
a p p r o p r i a t e   f o r  Omega where each s t a t i o n  has an  independent   t ransmission time 
w i t h  a c o n s t a n t   i t e r a t i o n   p e r i o d   o f  10 sec. The measurement f o r  each l i n e   o f  
p o s i t i o n  is a range   d i f f e rence  bRd between the  master and a s l a v e  as g iven  by 
(ref. 3 ) :  

where 

Pi = Re c0s-l [ s i n  LH s i n  L, + cos  LH cos  L, COS ( 8 ,  - &)] (i = j ,k) (8) 
d 

and P j ,  is t h e  dis tance  between the  master s t a t i o n   a n d  the  aircraft and Pk is 
.-the distance-  'between a s l a v e   s t a t i o n   a n d  the  aircraft .  A t o t a l   o f  two range  d i f -  
ference  measurements are made. Measurement e r r o r s   i n c l u d e  a random e r r o r  and a 
c o r r e l a t e d   e r r o r .  The c o r r e l a t e d   e r r o r  is a p p r o p r i a t e   f o r  Omega and is modeled 
as a f i r s t - o r d e r  time lag t o   r e p r e s e n t  a s lowly  varying bias.  Both the time con- 
s t a n t  T f o r  t he  c o r r e l a t e d   e r r o r   a n d  the  s t anda rd   dev ia t ion  u must be i n p u t  
to over r ide  t he  d e f a u l t   v a l u e s   o f   z e r o .  The wh i t e -no i se   s t r eng th  Q is 
(ref.  3 )  

202 Q = -  
T 

and is c a l c u l a t e d   i n  the  r a n g e - d i f f e r e n c e   i n i t i a l i z a t i o n  module. 

Navigation Computer 

The n ine   ou tputs   f rom t h e  navigation  computer are the  three pos i t i on   coord i -  
n a t e s ,  three ve loc i ty   coo rd ina te s ,   and  three planform tilt e r r o r s  when e r r o r  
models are inc luded .   P re sen t ly ,  three model cho ices  are o f f e r e d .  The d e f a u l t  
model is t h e  perfect case wi th  the  o u t p u t   e q u i v a l e n t   t o  t h e  i n p u t .  The o t h e r  
two choices  are e r ro r   mode l s .  The second  model (first e r r o r  model cho ice )   i nco r -  
porates   seven s ta tes  and is r e p r e s e n t a t i v e   o f  most p r e s e n t   i n e r t i a l   n a v i g a t i o n  
systems. The v e r t i c a l   c h a n n e l  i s  n o t   i n c l u d e d   s i n c e  it is uns t ab le   w i thou t   an  
e x t e r n a l   r e f e r e n c e .  The l as t  model i nc ludes  a l l  n ine  states and is i n c l u d e d   t o  
provide the  c a p a b i l i t y   o f   f u t u r e   e v a l u a t i o n .   I n  t h i s  s e c t i o n ,  t h e  e r r o r  model 
d e s c r i p t i o n  is the  n ine - s t a t e   mode l ,   s ince  i t  is t h e  most g e n e r a l  case. 

The g e n e r a l   e r r o r  model takes the  form  of a f i r s t - ' o rde r ,   n ine - s t a t e ,   vec to r  
' d i f f e r e n t i a l   e q u a t i o n  (ref.  4) as fo l lows:  

6? = F6? + Gd 

where 
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and 

en,ee,&d n o r t h ,  east, and downward p l a t fo rm tilt e r r o r s  

1 6 ,  ai, Si l a t i t u d e ,   l o n g i t u d e ,   a n d   a l t i t u d e  rate e r r o r s  

6L,6!?,,6Z l a t i t u d e ,   l o n g i t u d e ,   a n d  a l t i t ude  pos i t i on   e r ro r i s  

F 9 x 9 system  matr ix  

G 9 x 6 fo rc ing   ma t r ix  

q 6 x 1 f o r c i n g   f u n c t i o n   v e c t o r   o f   i n e r t i a l   s y s t e m   e r r o r s  
i 

The s i x   i n e r t i a l   s y s t e m   e r r o r s   c o n s i s t  o f  the  three rate g y r o   e r r o r s   a n d  three 
a c c e l e r o m e t e r   e r r o r s ,  a l l  transformed  from the  body a x i s   t o  a l o c a l   l e v e l   g e o -  
graphic frame. T h e - i n p u t s   t o  t h i s  module are the  n i n e   i n i t i a l   e r r o r s  which are 
d e f a u l t e d   t o   z e r o  i f  t he  i n p u t  data are not   inc luded .  

Es t imator  

The est imator   module '  (see f i g .  1 )  is f o r  a Kalman f i l t e r  or any   o the r   t ype  
o f  f i l t e r  e s t i m a t o r   t o  be i n s t a l l e d .   I n p u t s   t o  t h e  e s t i m a t o r  are obta ined  from 
va r ious   s enso r s ,   ex t e rna l   nava ids ,   and  t h e  naviga t ion   computer .   Present ly ,  two 
dummy models are i n s t a l l e d .  The d e f a u l t  model  assumes perfect estimates o f  t h e  
aircraft  pos i t i on   and   ve loc i ty   and  of t h e  wind v e l o c i t y   a n d   d i r e c t i o n .  This  
a l l o w s   p e r f e c t  s ta tes  t o  be used   for   gu idance   and   cont ro l  while nonnaviga t iona l  
t y p e   e r r o r s  are eva lua ted .  The second dummy model  assumes estimates t h a t  are 
i d e n t i c a l   t o  the  ou tpu t s   o f  selected e r r o r   m o d e l s ,   a l l o w i n g   c o r r u p t e d   s i g n a l s   t o  
be fed  back t o  the guidance  and  control   system. 

Guidance  System 

Guidance commands can be generated  in   any  of   four   major   modules .  The first 
module is f o r   s t o r i n g   a n d   c a l c u l a t i n g  t h e  n o m i n a l   t r a j e c t o r y .  This  module  con- 
t a i n s  a l l  of  t h e  p r e f l i g h t  data and p a t h  genera t ing   a lgor i thms  such  as leg 
swi t ch ing ,   ve loc i ty  commands, a l t i t u d e  commands, t u r n i n g  commands, nominal  posi-  
t i o n  commands, sp i ra l  descent  guidance.commands,  and  others.  The second  module 
is fo r   au tomat i c   gu idance   s t ee r ing  laws. This  module c o n t a i n s   c o r r e c t i o n  com- 
mands t h a t  modify t h e  nomina l   t r a j ec to ry  as a f u n c t i o n   o f  aircraft  d e v i a t i o n  
from t h e  commanded pa th .  Typ ica l ly ,  t h i s  inc ludes   modi fy ing  t h e  nominal a l t i -  
tude  ra te  due t o   d e v i a t i o n s   i n   a l t i t u d e ,   m o d i f y i n g  the  nominal  bank  angle  due  to 
e r r o r s   i n   h e a d i n g   a n d  la teral  pos i t ion ,   and   modi fy ing  the  nominal   acce le ra t ion  
or v e l o c i t y   d u e   t o   e r r o r s   i n   v e l o c i t y  and time. The l a t te r  is t y p i c a l l y  a four -  
dimensional   t ime-constrained law. 

The t h i r d  and  fourth  sources   of   guidance commands are the  a i r  t ra f f ic  con- 
t r o l  (ATC) and the  p i l o t .  Commands from e i ther  of  these sources   can   ove r r ide  
t h e  earlier guidance commands, the p i l o t   h a v i n g  h ighes t  p r i o r i t y .   P r e s e n t l y ,  
t h e  conten ts   o f   bo th  these modules are empty. 
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I,. p !. 
Another   funct ion  of   the  guidance  computer  is t o   g e n e r a t e   e r r o r   p e r t u r b a t i o n  

commands f o r   t h e   c o n t r o l   s y s t e m .   P r e s e n t l y ,   o n l y   v e l o c i t y   p e r t u r b a t i o n s ,  based 
upon d i f fe rences   be tween command v e l o c i t i e s   a n d   m e a s u r e d   v e l o c i t i e s ,  are gener- 
ated. The v e l o c i t y   p e r t u r b a t i o n s  are first g e n e r a t e d   i n  a geographic   coord ina te  
frame a n d   t h e n   r o t a t e d   t o   t h e  body axis  f o r   u s e  by t h e   c o n t r o l l e r .  

Genera l ly ,  a g u i d a n c e   s t e e r i n g  law model is related t o  a nomina l   t r a j ec to ry  
model; f o r   t h e   p r e s e n t   d i s c u s s i o n ,  a model p a i r  refers t o   t h e   c o m b i n a t i o n .  
There are two model p a i r s   p r e s e n t l y   a v a i l a b l e .  The first p a i r   ( d e f a u l t  case) is 
for   enroute   type   gu idance   and   can   handle  data f o r  up t o  10 waypoints .   Typical  
i npu t  data inc lude   waypoin t   pos i t ion   coord ina tes  and desired aircraft v e l o c i t y  
and a l t i t u d e .  It is a l s o   p o s s i b l e   t o   i n p u t   d e s i r e d  aircraft rate of   descent   and 
nominal time a t  each  waypoint ,   a l though  these data are n o t   u s e d   i n   t h e   p r e s e n t  
guidance laws. Separate  submodules are u s e d   t o   c a l c u l a t e   v e l o c i t y  commands 
(VELCOM), a l t i t u d e  rate commands (CLIMB),  and  turn commands (LATTURN). A submod- 
u l e   f o r   c a l c u l a t i n g   t h e   n o m i n a l   p o s i t i o n  (PSITION) is a lso   inc luded .   Algor i thms 
f o r   c a l c u l a t i n g  the  c o r r e c t  leg o f  the  t r a j e c t o r y   a n d   t h e  times to   change   va r i -  
ous  guidance commands are i n c l u d e d   i n  submodule LEGSWCH. The only  guidance 
s t e e r i n g  law i n  the first model p a i r  is a n   a l t i t u d e   h o l d  submodule (ALTHOLD) 
t h a t   m o d i f i e s  t h e  a l t i t u d e  ra te  as a func t ion   o f  a l t i t u d e  e r r o r .  

> 

c 

The second  model p a i r  is f o r   b o t h  t h e  en rou te   phase   o f   f l i gh t   and   fo r  s p i -  
ra l  descent  guidance ( re f .  5 ) .  The enroute   guidance is i d e n t i c a l   t o  tha t  i n   t h e  
first model p a i r .  When t h e  las t  waypoint is reached, t h e  s p i r a l   d e s c e n t   g u i d -  
ance is au tomat i ca l ly  switched i n .  If only  one  enroute   point  is i n c l u d e d   i n  t he  
s imulat ion  run,   the   program w i l l  start w i t h  t h e  s p i r a l   d e s c e n t   g u i d a n c e  laws. 
The inpu t  data r equ i r ed  are t h e  coord ina te s   o f  the l and ing  pad  and s p i r a l  ten- 
t e r ,  a i r s p e e d ,   s p i r a l   t u r n i n g   r a d i u s ,   a n d   t u r n   d i r e c t i o n .  The l as t  three items 
have   defaul t   va lues .  

Cont ro l  Computer 

The control-computer  module is used  for  any  of the r e s e a r c h   c o n t r o l  laws t o  
be tes ted.  T y p i c a l   i n p u t s   i n c l u d e   a t t i t u d e   a n d  ra te  measurements,  guidance corn- 
mands,  and v e l o c i t y   e r r o r   p e r t u r b a t i o n s .  The ou tpu t s  are f o u r   s t i c k  commands 
f o r   t h e   h e l i c o p t e r   c o n t r o l   i n p u t s .  The d e f a u l t  model p r e s e n t l y   i n s t a l l e d   h a s  a 
v e l o c i t y   c o n t r o l  law. 

Winds 

Three wind models are p r e s e n t l y   o f f e r e d .  The d e f a u l t  model is t h e   z e r o  
wind case and sets a l l  wind v a r i a b l e s   t o   z e r o .  The second  model is f o r  ei ther a 
c o n s t a n t   h o r i z o n t a l  wind v e c t o r  or a wind shear. The wind shear a l lows  a v a r i a -  
t i o n   o f  the h o r i z o n t a l  wind v e c t o r   w i t h   a l t i t u d e .  Up t o   f o u r  data po in t s   can  be 
inc luded   for   bo th  wind ve loc i ty   and  wind d i r e c t i o n   r e l a t i v e   t o   n o r t h .   S t r a i g h t  
l i n e   i n t e r p o l a t i o n  is used ,   w i th   a l t i t ude   t he   i ndependen t   va r i ab le .  If only  one 
data po in t  is e n t e r e d ,  a s t eady  wind w i l l  be used,  and i f  no data p o i n t s  are 
en te red ,  a ze ro  wind w i l l  be c a l c u l a t e d .  The v e r t i c a l  wind is assumed z e r o   i n  
t h i s  model. 



The t h i r d  wind  model c o n t a i n s  the c o n t e n t s   o f  t he  second  model   plus   var i -  
able winds i n   b o t h   h o r i z o n t a l   a n d   v e r t i c a l   c h a n n e l s .  The v a r i a b l e   w i n d s  are 
modeled as exponen t i a l ly   co r re l a t ed   w inds  with s p e c i f i e d   c o r r e l a t i o n   d i s t a n c e s  
dW and  s tandard   devia t ions  (5, p l u s  random g u s t s  ( ref .  3 ) .  The white-noise 
s t r e n g t h  Q is c a l c u l a t e d  as shown i n   e q u a t i o n  (91, where a s e p a r a t e  (5 is 
i n p u t   f o r  the  h o r i z o n t a l   v e l o c i t y ,   h o r i z o n t a l   d i r e c t i o n ,   a n d   v e r t i c a l   v e l o c i t y .  
The three c o r r e l a t i o n   d i s t a n c e s   h a v e   d e f a u l t e d   v a l u e s   b u t   c a n  be overr idden by 
i n p u t   d a t a .  The e f f e c t i v e  time c o n s t a n t s  T f o r   t h e   e x p o n e n t i a l l y   c o r r e l a t e d  
winds are a func t ion  of dW and  the  groundspeed XV,H;  t h a t  is, 

The random g u s t s   f o r   b o t h   h o r i z o n t a l   v e l o c i t y   a n d   v e r t i c a l   v e l o c i t y  are ca lcu-  
l a t e d  as i n   e q u a t i o n  ( 1 ) .  The t h i r d  model r e d u c e s   t o  t h e  second  model by set-  
t i n g  t h e  input   s tandard   devia t ions   to   zero ,   and   bo th   models   reduce   to  t he  
d e f a u l t  model w i t h  a l l  i n p u t   d a t a   d e f a u l t e d   t o   z e r o .  The i t e r a t i o n   f r e q u e n c y   o f  
the  wind  module is au tomat i ca l ly  set t o  the  aircraft  model i t e r a t i o n   f r e q u e n c y  
and  cannot be a d j u s t e d .  

t 

AIRCRAFT SIMULATION MODEL 

A Boeing  Vertol  CH-47B h e l i c o p t e r  i s  being  used as a t o o l   t o   e v a l u a t e  
advanced  avionics  research concepts  as p a r t  o f  the  au tomat i c   av ion ic s  program 
(ref.  1 ) .  A model of  the CH-47B is inc luded   i n   t h i s   compute r   p rog ram  to   eva lu -  
a te  the  a v i o n i c s   c o n c e p t s   p r i o r   t o  f l i g h t .  One model is p r e s e n t l y   o f f e r e d ,  
a l though the  preprocessor   capabi l i ty   and  modular   concept   a l low  other   models  t o  
be added i n  the f u t u r e .  A l inear   per turba t ion   model ,   fo r   comput ing   aerodynamic  
f o r c e s  and  moments, has  been selected over  a non l inea r  model (ref.  6 )  t o  mini- 
mize  computation time. A unique  technique for updat ing  t h e  trims and  deriva- 
t i v e s ,   t o   m a i n t a i n  small pe r tu rba t ions   ove r  t h e  complete f l i g h t  regime, is 
d e s c r i b e d   i n  t h i s  s e c t i o n .  The kinematic   equat ions  of   motion are fu l ly   coup led  
nonl inear   equa t ions .  

The h e l i c o p t e r  model cons i s t s   o f   s eve ra l   submodu les  as shown i n   f i g u r e   2 .  
T y p i c a l l y ,   c o n t r o l   i n p u t s   o r i g i n a t e   f r o m  the  cont ro l   computer ,   inc luding  a sta- 
bil i ty  augmentation  system,  and  from t h e  p i l o t .  These c o n t r o l   f o r c e s  are i n p u t s  
t o  the a c t u a t o r   a n d   r o t o r   s e c t i o n  which inc ludes   non l inea r i t i e s   and   dynamics .  
The c o n t r o l - s t i c k  trim nominals are combined w i t h  the e q u i v a l e n t   t o t a l   c o n t r o l -  
s t i ck  i n p u t s   t o   g e n e r a t e   p e r t u r b a t i o n  s t ick commands. The a i r s p e e d  submodule 
combines  a i rspeed trim n o m i n a l s ,   w i n d s ,   a n d   a c t u a l   h e l i c o p t e r   v e l o c i t i e s   t o  cal- 
c u l a t e   p e r t u r b a t i o n ' a i r s p e e d s .   P e r t u r b a t i o n   a i r s p e e d s ,   p e r t u r b a t i o n  s t i c k  com- 
mands, and p e r t u r b a t i o n   a n g u l a r   v e l o c i t i e s  are combined w i t h  t he  s t a b i l i t y  and 
. c o n t r o l   d e r i v a t i v e s   t o   c a l c u l a t e  the t o t a l   p e r t u r b a t i o n   f o r c e s   a n d  moments act- 
ing  on t h e  h e l i c o p t e r .  The t o t a l   h e l i c o p t e r   f o r c e s   a n d  moments are c a l c u l a t e d  
by adding  nominals   and  per turbat ion  forces   and moments. The equat ions  of   motion 
con ta in  12 d i f f e r e n t i a l   e q u a t i o n s   f o r   l i n e a r   a n d   a n g u l a r   a c c e l e r a t i o n s   a n d   v e l o c -  
i t i es ,  and take i n t o   a c c o u n t   s p h e r i c a l  Earth.  I n  t h e  update  module, a l l  o f   t he  
h e l i c o p t e r   v a r i a b l e s  are updated   for  t h e  nex t  time pe r iod .  Each o f  the hel icop-  
ter  submodules is described i n  more de ta i l  i n  t he  f o l l o w i n g   s e c t i o n s .  
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Figure 2.- Block  diagram  of  helicopter  module. 

Actuator  and  Rotor  Section 

An  analysis  has  been  made  of  the CH-47B control  linkage  system, 
uts  to  rotor  motion,  and  the  dominant  system  time  constants  and  n 

from  stick 
onlineari- 

r. ties  are  taken  into  account.  (See  fig. 3 . )  One  change in the  research CH-47B 
model  from  a  standard  model  is  the  addition  of  electrohydraulic  actuators 
between  the  control  sticks  and  the  transfer  bell  cranks.  The  actuator  position 
limit (+5.08 cm  from  ref. 6 )  is  the  limiting  mechanical  displacement  between  the 
actuator  input  and  rotor  blades. It is possible  for  the  pilot's  control  stick 
to  be  physically  limited  before  the  actuator  limit  occurs,  but  the  stick  limits 
would  be  modeled in the  pilot  module  rather  than  the  helicopter  module.  The 
dominant-system  rate-limit  constraint  comes  from  the  electrohydraulic  actuator 
(27.62 cm/sec  from  ref. 6 ) .  Neither  the  upper  boost  nor  the  lower  boost  actua- 
tors  (ref. 7 )  will  reach  their  respective  rate  limits  if  the  electrohydraulic 
actuator  rate  limit  is  not  reached.  The  time  constants  of  both  the  electro- 
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Figure  3.- Block diagram of  CH-47B a c t u a t o r   a n d   r o t o r   s e c t i o n .  < 

hydrau l i c   ac tua to r s   (0 .0125  sec from  unpublished data) and the lower  boost   actua-  
tors   (0 .0024  sec  f rom re f .  8 )  are extremely small and are ignored .  The upper 
boost   actuators   have  an  approximate  second-order   response w i t h  a damping r a t i o  
of  0.55  and a na tu ra l   f r equency  of 50 rad/sec. (See ref .  6 . )  Their effect  on 
the to ta l   sys tem  dynamics  is minor when compared w i t h  t h e  r o t o r   f l a p p i n g  dynam- 
i c s  which has a damping r a t i o   o f   a p p r o x i m a t e l y  0.6 and a na tu ra l   f r equency   o f  
24 rad/sec  ( f rom  unpubl ished da ta ) .  The b l o c k s   i n   f i g u r e  3 labeled flGainff  and 
fl l /Gainll  are i n c l u d e d   t o   r e p r e s e n t   a c t u a l  physical  q u a n t i t i e s .  The g a i n s   f o r  a l l  
four   channels  are  selected such tha t  a f u l l   e l e c t r o h y d r a u l i c   a c t u a t o r   m o t i o n  
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c o r r e s p o n d s   t o  a f u l l   p i l o t   c o n t r o l   s t i c k   t h r o w .  The second  gain  block is 
i n c l u d e d   t o   m a i n t a i n   t h e  same to ta l  sys t em  s t eady- s t a t e   ga in   u sed   i n   ca l cu la t ing  
t h e  trims and   de r iva t ives  (ref. 2 ) .  The output   f rom  the  rotor   dynamics  repre-  
s e n t s  an e q u i v a l e n t   t o t a l   s t i c k   p o s i t i o n .   T h i s . v a l u e  is summed w i t h   t h e   c o r r e -  
s p o n d i n g   n o m i n a l   c o n t r o l   s t i c k   p o s i t i o n   t o  get t h e   p e r t u r b a t i o n   s t i c k  command 
XT. 

Airspeeds 

a The th ree   body-ax i s   a i r speed   pe r tu rba t ions  Aua, Av,, and Awa are calcu-  
lated i n   t h e   a i r s p e e d s   s u b m o d u l e  as 

t 

where U H ,  VH,  and WH are t h e  a c t u a l  a i r c ra f t  body-axis  velocity  components, 
UW, VW, and ww are t h e   t h r e e  wind  components i n  body a x i s ,   a n d   u a , ~ ,  V a , N ,  
and w a , ~  are the   nominal   a i r speed  trim components i n  body a x i s .  The approach 
fo r  c a l c u l a t i n g  the  trims is described later i n  t h i s  s e c t i o n .  

Forces  and Moments 

P e r t u r b a t i o n   l i n e a r   a c c e l e r a t i o n s  AFX/m, AFy/m, and AFZ/m and  angular 
a c c e l e r a t i o n s  AMx/ Ixx ,  AMy/Iyy, and A M z / I z z  are c a l c u l a t e d   i n   t h e   f o r c e s  and 
moments submodule by l inear ly   combining   the   aerodynamic   and   cont ro l   force   and  
moment c o n t r i b u t i o n s  as follows: 

+ 

" j  
m m I 

I 

"""""""" I -  

FX*,6S  F X , 6 R  
m m 

FZ,GSu 
m m 

MY ,6S MY ,6R 
I Y Y   I Y Y  

Fy18Sm 
m m 

(14 )  

The aerodynamic  dr iving terms are p e r t u r b a t i o n s   i n   a i r s p e e d s  A U a ,  A V a ,  
and Awa a n d   a n g u l a r   v e l o c i t i e s  Ap, Aq, and A r ,  and the c o n t r o l   f o r c e   i n p u t s  
are p e r t u r b a t i o n s   i n  the f o u r   c o n t r o l   s t i c k   i n p u t s  6g, 6c, 6s, and 6 ~ .  Equa- 
t i o n  ( 1 4 )  is p a r t i t i o n e d   t o   s e p a r a t e   t h e   l o n g i t u d i n a l   a n d  la teral  equat ions  
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where t h e   l o n g i t u d i n a l   o u t p u t s  F 1  are 

and t h e  lateral  ou tpu t s  F2 are 

The A mat r ix  terms A I ,  A 2 ,  A3, and A4 r e p r e s e n t  t h e  s t a b i l i t y   d e r i v a -  
t i v e s ,  t h e  B ma t r ix  terms B1,   B2,   B3,  and B4 r e p r e s e n t  the c o n t r o l   d e r i v a -  
t i v e s ,   t h e  s ta te  p e r t u r b a t i o n s  are represented  by x1  and  x2,   and  the  control  
s t i ck  p e r t u r b a t i o n s  are rep resen ted  by p1 and p2. Equation (15) is shown i n  
t h e  most genera l   form w i t h  coupled  aerodynamics.   Generally,  t h e  coupl ing   der iva-  
t i v e s  A2, B2,  and B3 have   neg l ig ib l e  effect r e l a t i v e   t o  the uncoupled 
d e r i v a t i v e s  Ah,  B1, and B4. Only t h e  uncoupled   der iva t ives  are being 
used i n  t h e  p re sen t  model to   save   s torage   and   comput ing  time. A l l  of  the der iva-  
t i v e s  are a v a i l a b l e  ( r e f .  2 )  and  can be i n c o r p o r a t e d .   D e r i v a t i v e s   f o r  the  com- 
plete f l i g h t  regime are s t o r e d   i n  a s t a b i l i t y   d e r i v a t i v e   m o d u l e  (STABDER), and 
the  t echn ique   fo r   upda t ing  t h e  d e r i v a t i v e s  shown i n   e q u a t i o n  ( 1 4 )  w i l l  be 
descr ibed .  The d e r i v a t i v e s  are updated a t  r e g u l a r   i n t e r v a l s   t o   m a i n t a i n  small 
per turbat ions  f rom  nominal  trim cond i t ions .  One s e c o n d   a p p e a r s   t o   g i v e   s u f f i -  
c i e n t l y  good r e s u l t s .  

Kinematic  Equations  of  Motion 

T h i s  s e c t i o n   d e s c r i b e s  the kinematic-equations-of-motion  submodule; 12 d i f -  
f e r e n t i a l   e q u a t i o n s  are i n c l u d e d   t o  describe the  t o t a l   f o r c e s   a n d  moments a c t i n g  
on the veh ic l e ,   Eu le r  ra tes ,  and Ear th  r e f e r e n c e d   v e l o c i t i e s .  The equa t ions  are 
f o r  a s p h e r i c a l ,   n o n r o t a t i n g  Earth. The l i n e a r   a c c e l e r a t i o n   a n d , v e l o c i t y   e q u a -  
t i o n s  are referenced  to  a l o c a l   l e v e l   g e o g r a p h i c   c o o r d i n a t e  frame whereas the  
angular   acce le ra t ion   and  rate equat ions  are r e f e r e n c e d   t o   t h e  body a x i s .  

The v e h i c l e   a c c e l e r a t i o n   v e c t o r   3 n   r e l a t i v e   t o  the l o c a l   l e v e l   g e o g r a p h i c  
frame is  

where  cb i s  a matrix  transformation  from  body-axis frame t o   g e o g r a p h i c  frame, 
Zn is the g r a v i t y   v e c t o r   i n  t h e  geographic  frame, QEn is a skew symmetric 

m a t r i x   f o r  the a n g u l a r   v e l o c i t y   o f  the geographic  frame r e l a t i v e   t o   t h e  Ear th  

n 
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f ixed  frame, 3. is t h e  a i rcraf t  v e l o c i t y   v e c t o r   i n   t h e   g e o g r a p h i c  frame, and 
f b  is t h e   s p e c i f i c   f o r c e   v e c t o r   i n   t h e   b o d y - a x i s  frame (ref.  9 ) .  The s p e c i f i c  
fo rce   vec to r  is c a l c u l a t e d  by summing t h e   p e r t u r b a t i o n   l i n e a r   a c c e l e r a t i o n s  
AFX/m, AFy/m, and AFZ/m. g e n e r a t e d   i n   t h e   f o r c e   a n d  moment submodule  with t h e  
gravi ty   dependent   nominal  trim terms; that  is ,  

where and @N are t h e  trim p i t c h  
module STABDER. The components  of ?b 
module d i s c u s s e d   i n  the  IMU s e c t i o n .  

The body-axis   accelerat ion  vector  
approximated- as 

and  bank a n g l e s   t h a t  are gene ra t ed   i n   sub -  
are fed back t o   t h e   l i n e a r   a c c e l e r o m e t e r  

i b  q b  r e l a t i v e   t o   i n e r t i a l  space is 

The p e r t u r b a t i o n   a n g u l a r   a c c e l e r a t i o n s  @Nx/Ixx, fMY!Iyy, and AMz/Izz ca lcu-  
lated i n   t h e   f o r c e s  and moments submodule are p r o p o r t i o n a l   t o  the t o t a l  moments 
a c t i n g  on the  h e l i c o p t e r  (ref.  2 ) .  The i n e r t i a   p r o d u c t s  1 1 ,  12,   and I 3  are 
func t ions   o f  t he  moments o f   i n e r t i a  IXX, Iyy ,  and IZZ and   p roduc t   o f   i ne r t i a  
IXZ i n  t h e  h e l i c o p t e r  XZ-plane as fo l lows:  

I 1  I X X I Z Z  (21a)  
I X X I Z Z  - ( I X Z I 2  

I3 = IlIXZ  (21c) 
Ixx 

The th ree   i n t eg ra l   componen t s   o f   equa t ion   (20 )  are f ed  back t o   t h e  rate gyro  mod- 
u l e   d i s c u s s e d   i n   t h e  IMU s e c t i o n .  
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The Euler  angle rates, us ing  a yaw JIH, p i t c h  OH, and r o l l  4~ sequence 
o r d e r  are 

The three in tegra l   components   o f   equa t ion   (22)   represent  t h e  Eu le r   ang le s  tha t  f 
re late  the body frame t o  the l o c a l   l e v e l   g e o g r a p h i c  frame and are f ed  back t o  
the  a t t i t u d e  module   d i scussed   in   the  I M U  s e c t i o n .  The a n g u l a r   v e l o c i t y   v e c t o r  
Unb o f  the  h e l i c o p t e r   r e l a t i v e   t o  the l o c a l   l e v e l   g e o g r a p h i c  frame is related 4 
t o  the d i f fe rence   be tween the  body rates r e l a t i v e   t o   i n e r t i a l   s p a c e   a n d  the  angu- 
l a r  v e l o c i t y   o f  the  l o c a l   l e v e l  frame r e l a t i v e   t o  the Ear th  f i x e d  frame; t h a t  
is, 

Ti 

The rate of  change  of the  h e l i c o p t e r   l a t i t u d e  LH, l ong i tude  R H ,  and a l t i -  
tude  ZH r e l a t i v e   t o  t he  Ea r th  is 

where XH is t h e  n o r t h  compor?ent of   groundspeed,  YH is t h e  east component  of 
groundspeed,  and RH ( w i t h  RH i ts  d e r i v a t i v e )  is t h e  v e h i c l e   a l t i t u d e  rela- 
t i v e   t o  the mass cen te r   o f  the Ear th .  The a l t i t u d e  RH is a func t ion  of Ear th  
r a d i u s  Re a n d   h e l i c o p t e r   a l t i t u d e  ZH above the  Ear th  s u r f a c e  as 

RH = Re - ZH (25)  

The Ea r th  r a d i u s  is assumed t o  be a cons t an t   o f  6378.1631 km (20 925  732 f t ) .  
The i n t e g r a l   o f   e q u a t i o n  ( 2 4 )  g i v e s   t h e  Earth r e l a t e d   c o o r d i n a t e s .   I n  t h i s  pro- 
gram, l a t i t u d e s  are  p o s i t i v e   i n  t h e  northern  hemisphere  and  longi tudes are nega- 4 
t i v e   i n  t he  western  hemisphere.  

'I 

Updates 

I n  t h i s  s e c t i o n ,  a l l  o f  t h e  h e l i c o p t e r   v a r i a b l e s  are upda ted   fo r  t h e  suc- 
ceeding time p e r i o d   a n d   f o r   d i s t r i b u t i o n   t o  a l l  o f   t he   o the r   modu les   i n  t h e  sim- 
u l a t i o n .  Body r e f e r e n c e d   h e l i c o p t e r   v a r i a b l e s   i n c l u d e   b o t h   l i n e a r   a n d   a n g u l a r  
a c c e l e r a t i o n s ,   l i n e a r   a n d   a n g u l a r   v e l o c i t i e s ,   a t t i t u d e s ,   a n d   a n g l e s   o f  a t tack 
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and s i d e s l i p .   E & t h   r e f e r e n c e d   h e l i c o p t e r   v a r i a b l e s   i n c l u d e   l i n e a r  accelera- 
t i o n s ,   v e l o c i t i e s ,   a n d   p o s i t i o n s .   C o e f f i c i e n t s  of a d i r e c t i o n   c o s i n e   m a t r i x  are 
a l s o   a v a i l a b l e   f o r   u s e   i n   o t h e r   m o d u l e s .  

H e l i c o p t e r   I n i t i a l i z a t i o n  

The inpu t  data f o r   t h e   h e l i c o p t e r  module c o n s i s t  of t he  i t e r a t i o n   f r e q u e n c y  
( d e f a u l t   v a l u e  is 32 i te ' ra t ions  per   second)   and three sets of  three i n i t i a l  
e r r o r s   ( d e f a u l t   v a l u e s  are z e r o ) .  The first set is r e f e r e n c e d   t o  the  first way- 
po in t   l oca t ion   and   i nc ludes   a long- t r ack   pos i t i on   e r ro r ,   c ros s - t r ack   pos i t i on  
e r r o r ,  and a l t i t u d e   e r r o r ;  t h e  second set  is r e f e r e n c e d   t o  the desired ve loc i -  
t ies and  heading a t  the first waypoint  and.includes  groundspeed  error,   ground- 
track e r r o r ,  and a l t i t u d e  rate e r ro r ;   and  t h e  t h i r d  set is body referenced  and 
inc ludes  p i t c h  a t t i t u d e   e r r o r ,  bank a t t i t u d e   e r r o r ,  and  heading  error .  

The a i r speed   vec to r  is c a l c u l a t e d  by summing the  groundspeed  and  wind  vec- 
t o r s .  The airspeed magnitude X a , V , H  is 

where 

- $0) < 0 )  

and the  heading  of t h e  a i r speed   vec to r  $H r e l a t i v e   t o   n o r t h  is 

$H $o + sin-1 . W [ sin ( r l  - ".'I (27)  
X a , V , H  

where X V , H  i s  the  groundspeed, W is t h e  wind magnitude, $o is t h e  i n i t i a l  
ground track, and Tl is the wind d i r e c t i o n   r e l a t i v e   t o   n o r t h .  Any i n i t i a l  head- 
i n g   e r r o r  i s  added t o   e q u a t i o n   ( 2 7 ) .  

The airspeed X,,V,H c a l c u l a t e d   i n   e q u a t i o n   ( 2 6 )  is used i n  t he  s t a b i l i t y  
d e r i v a t i v e  and trim lookup table t o   f i n d  the e q u i l i b r i u m   p i t c h  and  bank a t t i -  
t u d e s .   I n i t i a l  p i t c h  and  bank a t t i t u d e   e r r o r s  are then added t o  t h e  equ i l ib r ium 
va lues   t o   de t e rmine  the  i n i t i a l   h e l i c o p t e r   a t t i t u d e s .  A complete s e t  of  deriva- 
t i v e s  and trims is a l so   de t e rmined  a t  t h i s  time. Other c a l c u l a t i o n s  made i n  
t h i s  module inc lude  the  three s p e c i f i c   f o r c e s  and t h e  three body rates r e l a t i v e  
t o   i n e r t i a l   s p a c e .   F i n a l l y ,  the  12 d i f f e r e n t i a l   e q u a t i o n s  described i n  the  
equat ions-of-motion  sect ion are i n i t i a l i z e d .  These equat ions   inc lude  the  three 
groundspeed  components, three body rates,  three a t t i t u d e s ,   a n d  three p o s i t i o n  
components. 



S t a b i l i t y  Der iva t ives  (STABDER) 

The purpose  of  STABDER is t o   d e t e r m i n e  the  s t a b i l i t y   a n d   c o n t r o l   d e r i v a -  
t i v e s   a n d  trim nominals   during f l i g h t ,  a t  a n y   o p e r a t i n g   p o i n t   i n  t he  f l i g h t  
regime. The module is e s s e n t i a l l y  composed o f  two p a r t s ;  the  first par t  deter- 
mines the o p e r a t i n g   p o i n t s  a t  which t o   c a l c u l a t e  t he  d e r i v a t i v e s   a n d  trims, and 
the  second   pa r t  is the  c a l c u l a t i o n   o f  t he  d e r i v a t i v e s  and trims. The flight. 
regime of  the CH-47B h e l i c o p t e r   i n c l u d e s   a i r s p e e d s   b e t w e e n  -40 and  160  knots  and 
rates of descent  between  +10.16 m/sec (22000  f t /min) .  The nominal   operat ing 
po in t  is a f u n c t i o n  of both the  commanded h e l i c o p t e r   v e l o c i t i e s  (airspeed and 
rate o f   d e s c e n t )   a n d   a c t u a l   h e l i c o p t e r   v e l o c i t i e s   a n d  is always  maintained 
wi th in   p redef ined  limits of  the  a c t u a l   h e l i c o p t e r   v e l o c i t i e s .  When the  d i f fe r -  
ence  between t h e  a c t u a l   a n d  commanded v e l o c i t i e s  is less than  the predef ined  
limits, the  commanded v e l o c i t i e s  are chosen   fo r  the nominal   opera t ing   po in t .  
The assumption is t h a t  f o r  a stable v e h i c l e  t h e  h e l i c o p t e r   v e l o c i t y  w i l l  con- 
v e r g e   t o  t h e  commanded va lue .  When the  d i f fe rence   be tween the  ac tua l   and  com- 
manded v e l o c i t i e s  is greater than the predef ined  limits, t h e  nominal   operat ing 
po in t  is .chosen as t h e  sum o f  t h e  a c t u a l   v e l o c i t y   a n d  the predef ined  limit. The 
airspeed limit is chosen as 9.6 knots   and the  rate of   descent  limit is 1.5 m/sec 
(300 f t / m i n ) .  These limits are d e f i n e d   i n  DATA s t a t emen t s   and   can   ea s i ly  be 
changed. The o p e r a t i n g   p o i n t  is determined  every  second,  and is a l s o  set i n  a 
DATA s ta tement .  If the  nominal   operat ing  point   does   not   change  during the  I-sec 
i n t e r v a l ,  t he  p rev ious ly   ca l cu la t ed   de r iva t ives   and  trims are used.  

For t he  uncoupled  system, there are 48 d e r i v a t i v e s   a n d  trims t o   c a l c u l a t e  
each time the  nominal   operat ing  point  is changed.   Furthermore,   for  each der iva-  
t i v e  and trim there are 99 data p o i n t s ;  t h i s  i n c l u d e s  11 a i r s p e e d s  a t  9 ra tes  of  
d e s c e n t .   I n   o r d e r   t o   s a v e   s t o r a g e ,   t h i r d - o r d e r   c u r v e s  are f i t t e d  through each 
of  t h e  11 airspeed data p o i n t s .  T h i s  approach  a l lows t h e  s t o r a g e   t o  be reduced 
from  475210 t o  172810 l o c a t i o n s .  For each d e r i v a t i v e   a n d  trim, t h e  th i rd-order  
algebraic equat ion  is first c a l c u l a t e d  as a f u n c t i o n   o f  airspeed; l i n e a r   i n t e r -  
po la t ion  is then   app l i ed ,   u s ing  rate of   descent  as the  independen t   va r i ab le .  
I n i t i a l   c o n d i t i o n   a n d  s t e p  inpu t   r e sponses   o f  t h e  open- loop   he l icopter  model 
show that  t h e  th i rd-order   curves   have   approximate ly  t he  same dynamic  responses 
as those   ob ta ined  by us ing  a l l  o f  the  d e r i v a t i v e s .  

PREPROCESSOR 

The simulation  program has t h e  c a p a b i l i t y   o f   s e l e c t i n g   v a r i o u s   c o m b i n a t i o n s  
of models  for  any  run  from a choice   o f  many d i f f e r e n t  model types ,   thereby   min i -  
mizing t h e  in-core  s torage  and  computat ion time. The f e a t u r e  tha t  a l lows  t h i s  
c a p a b i l i t y  is t h e   p r e p r o c e s s o r .   I n   g e n e r a l ,  t h e  p rep rocesso r  is a FORTRAN pro- 
gram that  per forms  modi f ica t ions  on the  main  program p r i o r   t o   c o m p i l a t i o n   a n d  
execut ion  of  the  main  program. The most   obvious  funct ion  of  the preprocessor  is 
t o  decide upon the  appropr i a t e   mode l s   t o  be used  and t o  write the c o r r e c t  CALL 
s t a t e m e n t s   i n t o  t he  computer  program. Model s e l e c t i o n  is accomplished by a com- 
b i n a t i o n   o f   d e f a u l t s   a n d   i n p u t  data cards. S p e c i f i c   f u n c t i o n s   i n c l u d e :  ( 1 )  
wr i t i ng   sub rou t ine  cal ls  w i t h i n  the  main l ine   and   wi th in   o ther   subrout ines ,  
(2 )   choos ing   appropr i a t e   i n i t i a l i za t ion   mode l s   and   wr i t i ng  t h e  c o r r e c t  CALL 
s ta tements   wi th in  t h e  i n i t i a l i z a t i o n   r o u t i n e ,  (3)  w r i t i n g  the necessary  COMMON 
b l o c k s   f o r   o n - l i n e   p l o t t i n g ,  ( 4 )  c a l c u l a t i n g  t h e  t o t a l  number o f   d i f f e r e n t i a l  

22 



e q u a t i o n s   t o  be s o l v e d   i n   t h e   s i m u l a t i o n   a n d . . w r i t i n g   t h e  COMMON blocks   wi th  
proper   array  dimensions,  (5)  w r i t i n g   s p e c i f i c  CALL s t a t e m e n t s   t o  t he  real-time 
system  for  pseudo real-time runs,   and (6 )  p r i n t i n g   a n   a l p h a b e t i c a l   t a b l e   o f  a l l  
s u b r o u t i n e s   u s e d   i n  a s p e c i f i c   r u n   a n d  t h e  t o t a l  number o f   d i f f e r e n t i a l   e q u a -  
t i o n s   i n  the s imula t ion .  

The  means f o r   d e t e r m i n i n g   t h e   c o r r e c t   s u b r o u t i n e  CALL s ta tement  i s  
through a module i n t e g e r  number (KEY 7 )  and a model i n t e g e r  number (KEY 2) .  
Every  major selectable module  and  submodule in   the   s imula t ion   program  have   an  
ass igned  KEY 1 i n t e g e r  (10 ,  20, 30, e tc . ) .  The model   choices   within a module 
have  assigned  one-digit   numbers ( 0 ,  . . ., 9), a l lowing  a p o s s i b i l i t y  of up t o  
10 model choices .  The sum of  KEY 1 and KEY 2 relates t o   a n   a r r a y  SNAM and 
d e f i n e s   t h e   p a r t i c u l a r   s u b r o u t i n e   t o  be called. 

A gene ra l   f l ow  cha r t  is i l l u s t r a t e d   i n   f i g u r e  4. Defaul t   va lues  are first 
s t o r e d   i n  a l l  a r r ays   and   t hen  are overr idden by u s e r   i n p u t  data ca rds .   Inpu t  

input da t a   ca rds  

Read  one  main  program  card 

c 
End of file  Return 

I Perform  calculat ions for table  look-up I 
Calculate SNAM array  location 

I I 
Write   appropriate  
subroutine  call  I 

Figure  4.- Gene ra l   f l ow  cha r t   fo r   p rep rocesso r .  



d a t a  cards are on ly   r equ i r ed  i f  o p t i o n a l   s u b r o u t i n e s  are t o  be chosen. The 
unprocessed  main  program has  the  word lvFLAG1l i n  columns 1 t o  4, wherever a 
selectable s u b r o u t i n e  is t o  be called. The preprocessor   checks  each s ta tement  
i n  the  main  program. If the  word "FLAG" or one  of  the o t h e r   s p e c i a l   i n d i c a t o r s  
(not   def ined  here) f o r   f u n c t i o n  3 ,  4 ,  or 5 de f ined   p rev ious ly  is no t  encoun- 
tered, the  s t a t emen t  is w r i t t e n   o n t o  t h e  f i l e  t o  be executed.  IT t he  word 
ttFLAGnf is encountered,  the preprocessor  checks t h e  v e r y   n e x t   s t a t e m e n t   f o r  an 
i n d e x   i n t e g e r  number. The index number co r re sponds   t o  t h e  c o r r e c t  module (o r  
submodule) t o  be called.  Using t h i s  index  number a long  w i t h  KEY 1 and KEY 2 
data, t h e  SNAM a r r a y   l o c a t i o n ,   c o r r e s p o n d i n g   t o  t he  c o r r e c t   s u b r o u t i n e   t o  be 
called, is c a l c u l a t e d .  The preprocessor   then  writes t h i s  sub rou t ine  ca l l  onto  
t h e  f i l e  t o  be executed.  Th i s  process  is con t inued   un t i l   an   end   o f  f i l e  i s  
detected. 

Inpu t  data cards are only  used when t h e  d e f a u l t  cases are n o t  desired. 
Each data card i n c l u d e s  three numbers: the first c o r r e s p o n d s   t o  t he  KEY 1 i n t e -  
ger co r re spond ing   t o  t h e  module  being selected,  t h e  second  cor responds   to  t h e  
KEY 2 i n t ege r   co r re spond ing   t o  t he  model  being selected, and t h e  t h i r d  i n t e g e r  
is the number o f   d i f f e r e n t i a l   e q u a t i o n s   i n  t h e  model. For example, a data card 
wi th  i n t e g e r s  200, 1 ,  and 7 i n d i c a t e s  a l o c a l   l e v e l   n a v i g a t o r   m o d u l e ,  model num- 
ber 2 ,  w i th  7 d i f f e r e n t i a l   e q u a t i o n s .  Two problem examples f o r  t h e  preprocessor  
are i l l u s t r a t e d   i n  t he  n e x t   s e c t i o n   o f  t h i s  pape r .   P re sen t ly ,  39 modules  have 
been   def ined   for  the  ba tch  program  and 44 modules ,   for  t h e  real-time ve r s ion .  

The preprocessor  has the  c a p a b i l i t y   o f   w r i t i n g   s u b r o u t i n e  calls  w i t h i n  
sub rou t ines  as well as the  main l ine .  The process  is t h e  same as previous ly  
descr ibed .  However, there are add i t iona l   cons ide ra t ions   i nvo lved .  For example, 
a subrou t ine  called wi th in   another   subrout ine   need   no t  be added t o  t h e  subrou- 
t i n e   l i b r a r y  i f  i t  has  a l r e a d y  been called i n  the main l ine  or i n  a previous  sub-  
rou t ine .  The p rep rocesso r   i n su res  tha t  a subrou t ine  w i l l  on ly  be added t o  t h e  
f i n a l   l i b r a r y   o n c e ,  regardless of  t h e  number of  times i t  has been called.  The 
preprocessor  will handle  a subrou t ine  ca l l  depth  of  up t o   f o u r   l e v e l s .  A t ree 
s t r u c t u r e  is used t o  keep track o f  the ca l l  d e p t h  l e v e l s   a n d   t o   d e t e r m i n e  which 
subrout ines   have  been called and added t o  t h e  l i b r a r y .  

PROGRAM ORGANIZATION 

Deck S t r u c t u r e  

The deck c o n f i g u r a t i o n   c o n s i s t s   o f   f i v e   r e c o r d s   p l u s  t he  sys t em  con t ro l  
cards, as shown i n   f i g u r e  5. The first three reco rds  are used   fo r   mod i f i ca t ions  
t o  key par ts  o f  t h e  overa l l   p rogram;  t h e  first record  i s  f o r   m o d i f i c a t i o n s   t o  
the  s t a b i l i t y   d e r i v a t i v e   c u r v e   c o e f f i c i e n t s ,  t h e  second  record i s  t o  modify the 
ma in l ine   and   sub rou t ine   l i b ra ry ,  and t h e  t h i r d  record  i s  t o  modify t h e  preproces-  
sor. The p rep rocesso r   i npu t  data cards, d i s c u s s e d   i n  t h e  p rep rocesso r   s ec t ion  
and i l l u s t r a t e d   i n  t h e  problem  examples  section, are l o c a t e d   i n  t h e  f o u r t h  
record .  The f i f t h  record  is f o r  the main  program  input data  cards, which are 
i l l u s t r a t e d   i n  the  problem  examples  section. 
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System control cards 

EOR 

Mods for stability derivative curve coefficients 

EOR 

Mods for mainline and subroutine library 

EOR 

Mods for preprocessor 

EOR 

Preprocessor data cards 

EOR 

Main program data cards 

EOF 

Figure 5.- Cont ro l  card deck s t r u c t u r e .  (EOR is end 
of record  and EOF is end  of f i l e . )  

Problem  -Examples 

Th i s   s ec t ion   con ta ins  some e x a m p l e s   i l l u s t r a t i n g  t h e  i n p u t  data cards f o r  
the preprocessor  and t h e  main  program. The preprocessor  data are f i e l d  o r i e n t e d ,  
whereas a l l  main-program i n p u t  data are i n  the  form o f  NAMELIST s t a t emen t s .  The 
only  requirement is t h a t  a l l  NAMELIST cards be  p r e s e n t   i n   t h e  data deck, even 
though a l l  of  the FORTRAN va r i ab le s   de f ined   unde r  a NAMELIST s ta tement   have  
de fau l t ed   va lues .   T ra j ec to ry   t ype  data are the  on ly   i npu t  data that must be 
submit ted.  

The first p r e p r o c e s s o r   e x a m p l e   i l l u s t r a t e s  t h e  de fau l t   op t ion   and  shows t h e  
minimum i n p u t  data r equ i r ed .  The example case is t o   u s e  a l l  defaul t   modules .  
The preprocessor  data deck c o n s i s t s   o f   o n e  card wi th  a "0l1 i n  column 5,  i n d i c a t -  
i n g   t h a t  no o t h e r  cards are requ i r ed .  

The second  preprocessor   example  represents  a more typical case. It is 
des i red   to   have   e r ror   models  for t he  nav iga to r  (LLNAV21, rate gyros  (RATEG21, 
and   l inear   acce le rometers  (LINAC2) and t o   u s e   t h e   s e c o n d  wind  model (EXTWIN2). 
The subrout ine  c a l l  names are i n   p a r e n t h e s e s .  A l l  o ther   modules  are d e f a u l t e d  
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t o  the  first model case. The data deck f o r  t h i s  example is i l l u s t r a t e d   i n  .I 

f i g u r e  6. The first card c c n t a i n s  a "4" i n  column 5 ,  i n d i c a t i n g   f o u r  data cards 
are t o   f o l l o w .  After the  first card, the  names o f  each model  can be  incJuded / i n  

/' 
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Figure 6 .  - Data deck for   second  preprocessor   example .  

columns 1 t o  10 f o r  user i d e n t i f i c a t i o n ,   s i n c e  t h e  preprocessor   does  not   recog-  
n i z e  these columns. The three numbers  on each card c o r r e s p o n d   t o  the module num- 
ber (columns 11 t o  151, the model  number selected (columns 16) t o   2 0 ) ,   a n d  the 
number o f   d i f f e ren t i a l   , equa t ions   ( co lumns  21 t o  25). All numbers are r ight  j u s -  
t i f i e d .  Alphabet ical , ,order  is t h e  most e f f i c i e n t   c o n f i g u r a t i o n ,   a l t h o u g h   a n y  
order   can be used.  Th i s  example will have  19 d i f f e r e n t i a l   e q u a t i o n s ,  7 f o r  the  

\ 

nav iga to r  and a u l t e d   d i f f e r e n t i a l   e q u a t i o n s   f o r  t he  hel2,copter  model. 

program. \ 
P r e s e n t l y ,  44 module  numbers r e s e r v e d ,   i n c l u d i n g  7 fhr the  real-time 

', 
The mainbrogram  example  uses the four  modules described id t h e  second 

p rep rocesso r / example .   In   pa r t i cu la r ,  a t r a j e c t o r y  is de f ined ,  i a i t i a l  e r r o r s  
are def ined-?or  t he  he l i cop te r   and  the v a r i o u s   e r r o r   m o d e l s ,  
desc r ibed , , / p r in t   f r equenc ie s  are de f ined ,   and   p r in t  data are 
modules. . 'The specif ic  example is as fol lows:  

\ 
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t o   t h e  first model case. The d a t a  deck f o r  t h i s  example is i l l u s t r a t e d   i n  
f i g u r e  6. The first c a r d   c o n t a i n s  a 11411 i n  column 5,  i n d i c a t i n g   f o u r   d a t a   c a r d s  
are t o   f o l l o w .  After t h e  first card, t h e  names o f  each model can be i n c l u d e d   i n  

Figure  6 . -  Data deck  for  second  preprocessor  example.  

columns 1 t o  10 f o r   u s e r   i d e n t i f i c a t i o n ,   s i n c e  the  preprocessor   does  not   recog-  
n i z e  these columns. The three numbers  on e'ach card cor respond  to  t h e  module num- 
ber (columns 11 t o  151, the model number selected (columns 16 t o  20),  and the 
number o f   d i f f e r e n t i a l   e q u a t i o n s   ( c o l u m n s  21 t o   2 5 ) .  A l l  numbers are r i g h t  jus -  
t i f i e d .  Alphabet ica l  o rde r  is t h e  most e f f i c i e n t   c o n f i g u r a t i o n ,   a l t h o u g h   a n y  
order   can be  used. T h i s  example w i l l  have 19 d i f f e r e n t i a l   e q u a t i o n s ,  7 f o r  t h e  
navigator   and 12 d e f a u l t e d   d i f f e r e n t i a l   e q u a t i o n s   f o r  t h e  he l icopter   model .  
P r e s e n t l y ,  there are 44 module  numbers r e se rved ,   i nc lud ing  7 f o r  t h e  real-time 
program. 

The main  program  example  uses the four  modules described i n  the second 
p rep rocesso r   example .   In   pa r t i cu la r ,  a t r a j e c t o r y  is d e f i n e d ,   i n i t i a l   e r r o r s  
are d e f i n e d   f o r  the he l i cop te r   and  t h e  va r ious   e r ro r   mode l s ,  wind data are 
d e s c r i b e d ,   p r i n t   f r e q u e n c i e s  are de f ined ,  and p r i n t  data are d e f i n e d   f o r   s e v e r a l  
modules. The spec i f i c   example  is 'as fo l lows:  
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1. Define   the   nominal   t ra jec tory :  

Waypoint La t i t ude ,   Long i tude ,   A l t i t ude ,   Ve loc i ty ,  
del3 deg m ( f t )  m/sec (f t /sec)  

1 40.64 -74.067 -426.7 (-1400) 30.48 (100) 
2 40.64 -74.04 -335.3 (-1100) 24.38 (80) 
3 40.66 -74.025 -243.8 (-800) 19.8 (65) 

2. Assume i n i t i a l   h e l i c o p t e r   e r r o r s :  

Along t r a c k   e r r o r ,  m ( f t )  . . . . . . . . . . . . . . . . . . . .  -30.48  (-100) 
A l t i t u d e   e r r o r ,  m ( f t )  . . . . . . . . . . . . . . . . . . . . . .  3.040 (10) 
V e l o c i t y   e r r o r ,  m/sec (f t /sec)  . . . . . . . . . . . . . . . . . .  0.9144  (3) 

(0.01 f t / s e c 2 ) .  
3. Assume a l i n e a r   a c c e l e r o m e t e r  bias e r r o r   o f  0.003048 m/sec2 

4. Assume a rate gyro scale f a c t o r   e r r o r   o f  2 pe rcen t .  

5. Assume the nav iga to r  has a nor th   p la t form  misa l inement   angle   o f  1 p r a d .  

6. Assume a wind shear w i t h  two data po in t s :  

Po in t   A l t i t ude ,  Wind d i r e c t i o n ,  Wind v e l o c i t y ,  
m ( f t )  deg m/sec ( f t / sec  1 

1 0 (0) 
2 304.8 ( '1000) 

180 
235 

7. Assume a l l  d e f a u l t   f r e q u e n c i e s   e x c e p t :  

Accelerometer  module,  per sec . . . . . . . . . . . . . . . . . . . . . . .  32 
Navigator  module,   per sec . . . . . . . . . . . . . . . . . . . . . . . . .  32 
P r i n t o u t , p e r s e c  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.1 
Maximumruntime,  sec . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 

Obviously, t h e  run time f o r  t h i s  example w i l l  complete  only a very  minor 
por t ion   o f  t h e  desired t r a j e c t o r y .  

8. P r i n t   t h e   f o l l o w i n g  data: 

A l l  i n i t i a l i z a t i o n   d a t a  
Rate gyro   ou tputs  
Linear   acce le rometer   ou tputs  
Naviga tor   ou tputs   (op t ion  2) 
Guidance commands (op t ion  1) 
C o n t r o l l e r   o u t p u t s  
A l l  h e l i c o p t e r   o u t p u t s  

Figure 7 i l l u s t r a t e s   t h e   i n p u t  data cards f o r   t h i s  example.  Eighteen 
NAMELIST data cards are shown; t h e  real-time ve r s ion  has three a d d i t i o n a l   i n p u t  

27 





1 L L. il 

Figure 7.- Data deck for main program example. 
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cards. The NAMELIST card DECNTS describes the  
f o r  each module i n  the s imula t ion  run, and the 

number of d i f f e r e n t i a l   e q u a t i o n s  
NAMELIST card PVAR d e s c r i b e s  the 

p r i n t   v a r i a b l e   o p t i o n s   f o r  each module. A l l  o t h e r  data in f i g u r e  7 can be corre- 
lated with numbers i n  the example. The U.S. Customary Un i t s  are used i n   t h e  com- 
puter  program. A computer  printout  for  the  second  preprocessor  example and t h e  
main  program  example is shown i n  the appendix. 

The computer example was run  on a Cont ro l  Data Corporat ion (CDC) Cyber  175 
computer, wi th  a CDC FORTRAN FTN compi le r . (ver , s ion  4 . 6 ) .  Version  1.1  of t he  NQS 
operat ing  system w a s  i n   u s e .  The a c t u a l   C e n t r a l   p r o c e s s o r   t i m q s   f o r  corqpil,ing, 
loading,   and  execut ing the var ious  sect ions  of   the   computer   progralq are summa- 
rized as fol lows:  

Compile  preprocessor, sec . . . . . . . . . . . . . . . . . . . . . . . . . .  2.043 
Load and  execute   preprocessor ,  sec . . . . . . . . . . . . . . . . . . .  2.951 
Compile  main  program, sec . . . . . . . . . . . . . . . . . . . .  : . . .  1,Q86 
Compile s u b r o u t i n e   l i b r a r y ,  sec . . . . . . . . . . . . . . . .  * . 7 . 7.959 
Load and  execute  complete  program, sec . . . . . . . . . . . . . . . . .  3.819 

The a c t u a l   s t o r a g e   n e e d e d   f o r  t h i s  example is 50 600 oc ta l   words .  

CONCLUDING REHARKS 

A user-oriented  computer-simulation  program has been  developed t o  a l l o w   f o r .  
the eva lua t ion   o f   i nd iv idua l   av ion ic s  systems i n   c o n j u n c t i o n   w i t h  a VTOL air-  
c ra f t  model  and o t h e r   t y p e s   o f  VTOL av ion ic s - sys t ems .  After a model has  been 
developed by any   u se r ,  the subrou t ine  is i n c o r p o r a t e d   i n t o  t he  system l i b r a r y  
f o r   u s e  by a l l  of  the  researchers. The i n p u t  data f o r  the main  program are 
d e f i n e d   i n  NAMELIST s t a t emen t s .  A series o f   d e f a u l t s  has  been   i nco rpora t ed   t o  
minimize the  amount o f   i npu t  data needed fo r   any   s imula t ion   run .  

The modular  approach  allows many d i f f e r e n t   m o d e l s   t o  be developed  and 
i n s t a l l e d   i n t o  t h e  sub rou t ine  l i b r a r y ,  w i t h  minimum impact on the  t o t a l   s y s t e m .  
Individual   modules   for  a l l  of  t h e  basic av ion ic s   s enso r s   a l l ow a Large choice   o f  
measurements  and f l e x i b i l i t y .  

A preprocessor  has been  developed  to  al low a large se lec t ion   of   models .  
For  any  module, a p o s s i b i l i t y  of up t o  10 models   ex is t s .   Defaul t   models   a l low a 
minimum of   input  data cards f o r  the preprocessor .  

A real-time program is maintained as n e a r l y  similar as p o s s i b l e , w i t h   t h e  
batch program. By us ing  the  p rep rocesso r   capab i l i t y ,  a dummy model w i th  ze ro  
input   f requency  can be selected by i n p u t  data cards; thereby ,  the sof tware  is 
e l imina ted   f rom  s torage .  The sof tware  can be rep laced  by a c t u a l  hardware tha t  
ope ra t e s   t h rough   t he  electrical input /output   channels .  

Langley Research Center  
Nat ional   Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
February  9 ,  1977 
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COMPUTER PRINTOUT FOR PROBLEM  EXAMPLE ' 

.: . . .. 
, , .  . .  .. . 

. .  
. I /  , ' . . ,  

This appendix  contains  . the computer   p r in tout   for  the problem  example. The fi:rst page  of  the . _ '  

. , .  

p r i n t o u t  lists a l l  of the subrou t ines   s e l ec t ed , t j y  the preprocessor   and  indicates  the t o t a l  number'of . .  
d i f f e r e n t i a l   e q u a t i o n s   f o r  the  example. A l l ,  o ther   pages are related t o  the main  program. I n i t i a l i z a i  
t i o n  data are included on the  first 3-1/2 pages ;   t h i s   i nc ludes   t he   i t e r a t j l on   f r equenc ie s   o f  a l l  module's, 
t r a j e c t o r y  data, he l i cop te r  data, trim data, and a l l  e r r o r  model i n i t i a l i z a t i o n  data.. , The completion .of 
the p r in tou t   con ta ins  data from the modules ,selected at the i t e r a t ion   f r equency .  ' .  

. .  

V A L T I F I D   B A T C H   S I M U L A T I O N  

T H I S  RUN: 

A I R S P D  

M E  L C O N  
E T R A N  

I G I D P T l  
I P I L O T l  

NR AN2 
I X N A V B  

P A T E L I H  
STABDFP 
XN A V 5  

ALTHOLD 

H E L I C O P  
EXTWINZ 

I G S L A U l  
I R A T E G Z  
I X N A V 9  
ONPLOT 
R D I N P T  
SVAPDES 
KNAV6 

AHoVE 
F A N O W  
HYSTER 
I G f P E D l  

K A L M A N I  
I R I G Y O L  

OUTPUT 

T I M V A R S  
XNAV7 

RIGYROI 

1 9  

ANGAC 
GCOUPLE 
I A R S A L l  
I H D R E F I  
I X N A V I  
LATTURN 

ROTDYN 
TRKDTST 
XNAVA 

P I 1 . m  

ATCMOD , 
GENEQS 
I A I R D A l  
I H E L I C P ' "  

t E G 5 U C H  
IWHAVZ 

P L D T I T l  

UPDATE . 
<PENTRY 

W A V 9  

B O D Y F ~ S  
G S L A U 1  
1ANGAC.l  
IKA.LHN1 

L I N A C Z .  
I X N A V J  

P L T S A V l  
S P E X I T  
VELCOH 
Z H E L I C P  

. .  . 



I N I T I A L I Z A T I O N   S E C T I O N  
""""""""""" 

HELICOPTER  1 '4ERTIA f  I C L I I F - F F C T  C C . 1  

I X X  
. 3 7 1 6 3 0 0 E * 0 5  

I Y Y  
. 2 0 1 7 5 0 0 E + 0 6  

HELIC'OPTER 

RATE  GYRD 
RATF  INTEGRATING  GYSO 

LINEAR  ACCELEROMETEQ 
ANGULAR  ACCELFROMETEQ 

GROUNDSPEE0 
A I R   D A T A  

HEADING  REFERENCE 
ARSOLUTE  ALTITUDE 
E X T F P N A L   Y I V .  AI0 1 , 
F X T E P N I L  NAV. A I 0  2 

EXTERNAL NAV. A I 0  4 
E X T E R N I L  NAV. A I D  3 

EXTESNAL NAV. A I D  5 
EXTERNAL NAV. A I D  6 
EXTERNAL YAV. AI0 7 
EXTFRNAL NAV. A I [ !  R 

LOCAL  LEVEL YAV. 
EXTERYAL  NAV. A I D  9 

K A L M A Y   F I L T E R  
NOMINAL  TRAJECTORY 
GUIDAYCE  STEEPING  LAU 
A I R  TRAFFIC  CONTROL 

GUIDANCE  PERTURBATIONS 
P I L O T   T S A J E C T O P Y  

GUIOANCF  CnUPLER 
COYTROLLEQ 
P R I Y T C U T  

.1900590Et06 
I Z Z  

.1463200Et05 
J X Z  

RANDOM  NUPREP  GENERITOP C F F n  = 5Q.nno 





HELICOPTER  DATA _""""""" 
GEflGRAPHIC  FRAME  VARIARLFC 

lATIT !J I )E   IOEG)   LP" lTT1 l r )F  ( n F G )  A L T I T U D E   ( F T I  
.40h4000E+02 - . 7 4 0 h 7 7 6 c + O 2  - . 1 3 9 0 0 0 0 E + 0 4  

N.VEL. (FT/SEC)  E . V C l  . f F T / C c r )  
- . 1 7 6 6 5 7 8 € - 1 2  

TOTAL  VEL . (FT /SECI  
. 1 n ~ ~ n o n ~ t o 3  

GPOUNO  TRACK ( I l E G I  D E S C E N T   P A T E   ( F T I S E C )  
. 1 0 3 0 0 0 0 E i 0 3  .9000000Et02 0. 

4POY A X I S  V A R I I B L F S  

LONG.VEL. (FTISFCI  1 A T E P A L   ' I c L . ( F T / S E C )   V E R T . V E L . I F T / S E C I  
. 1 0 1 8 9 Q A E ~ 0 3  - . I  7 5 h n n 7 c   t o ?   . 6 4 4 5 7 2 5 E + 0 1  

TRIM  DATA _"" "" 

GRnUNOSPEEDS  AIRSPEEDS 

U N O M I F T I 5 E C I  V N O M ( F T l ~ C r 1  L' Y n H I F T I S E C )  UA N O M ( F T I S E C 1  V A  NOM(FT/SEC)  UA N O H f F T / S E C )  
. 9 8 9 7 2 3 3 € + 0 2   - - . 1 3 5 6 C 7 7 F + n 7   . f i 4 1 6 4 4 7 € + 0 1   , 8 4 2 1 8 9 0 E i 0 2   - . 3 1 7 4 5 0 7 € - 0 1  . 5 5 2 8 8 3 6 E t 0 1  

b T T I T U O E S  

THETA NOP ( O E G I  PHI vn* ( n c r , )  
. 3 7 5 6 0 4 P € + 0 1   - . 3 2 @ 9 7 7 7 F t q n  

RATE G Y R O S  
""""" 

D r T r U  POLL  YAU 

0. 
0. 

0.  0. 
0. 0. 

. l n Q n 7 Q A F + 0 1   . 1 0 1 8 0 9 6 E + 0 1   . 9 5 8 7 9 6 6 E t 0 0  

W 
W 



W c 

MISALIGNMENT  ERRORS 

N O R T H   E A S T  
(R.AO I ( Q A D I  

.10000€-05 0. 

L I N E A R   A C C E t E R O R E T E R S  """"""-"""" 
1 m Q C .  L A T E R A L   V E R T I C A L  

- . 1 1 ~ n h 7 ~ - 0 1  - . ~ z 1 3 7 7 0 ~ - 0 1  . 2 1 7 t z 9 5 ~ - 0 2  
n. 0. 0. 

L O C A L   L E V E L   N A V I G A T O R  """-""""""" 
P O S I T I O N   E R R O R S  

L I T  LONG 
( R A O I   l R A O I  

n n'w 
f P b r ) l  

9. 0. 0. 

RATE  GYRO  OUTPUTS 

P I  = - . 3 7 5 1 7 E - 0 6  
01 - . 4 9 4 2 @ E - 0 5  
Q T  = - .41083E-05  

T I M F  = 0. ....................................................... 
LTNEAP  ACCELEROMETER  OlJTPl lTC 

U O O T I  = 
V D O T I  = 

. 2 0 9 7 7 E + 0 1  

UDOTI = - . 3 2 1 2 e ~ + o 2  
. 1 7 Z 3 5 € + 0 0  

T I M E  = '3. ...................................................... 

A L T  
( F T I  

0 .  

V E L O C I T Y   E R R O R S  

L A T   R A T E  
( R A D I S E C I  

L O N G   R A T E   . V E R T I C A L  
( R A D I S E C )   ( . F T / S E C I  

0 .  0 .  0.  



L O C A L   L E V E L   W A V I G A T O R  

M I S A L I G N H E N T  E R R O R S  P O S I T I O N  F R R O R S  

N O R T H   E A S T   L I T   L O N G  
( R A D )  fP f i r I )  

, . 1 0 0 0 0 E - 0 5  0. 9. 0 .  0.  

o n w  
(11101 

A L T  
( R A D 1   ( R A O I  ( F T )  

...................................................... 

V E L O C I T Y   E R R O R S  

L I T   R A T E  
( R A O I S E C I  

L O N G   R A T E   V E R T I C A L  
( R A D I S E C  I ( F T I S E C )  

I 0. 0. 

F I N L L  C U I ~ O A N C E  COMMANDS 

-XOOTGSC ( F T I S E C I  
T I M E  = 0. sFr 

. ~ o v I o F + ~ ) ~  P S I H P C   I D E G I  8 . 9 0 0 0 0 € + 0 2   7 D O T G I C   ( F T I S E C I  = . F I ~ ~ ~ O E + O O  
.ZG.SC ( F T I  , 8  - - . 1 3 9 ~ 7 ~ + n 4  

. P H I G S C   . t D E G l  = - ,  0. O t I G S C   ( O E G I  = .90000E*02 ...................................................... 
C O N T R O L L E R   O U T P U T S   I I N C i J c c l  
. I .  

O C C C ' l  I O C C 1 2 l  o r i t 3 1  

.' . ~ R ~ Z J F + O O  - . z 3 ? 8 6 ~ + n n  .~IWOOE+OO 

T I M E .  = -  0. ............................................. . .  

. " . .  

. _  I 

. .  . .  
. . . . . .  

............. 

O C C l 4 )  

- . ? 2 $ 9 9 € * 0 1  

I , 

I 

... 

w ul 



H E L I C O P T E R   V A R I A B L E S   A T  TFYF = 0. 

P f I S I T I O N S  

XH = 0. YH = o *  
L A T H  = .4064OOF+O? 1 W M  = -.740674€+02 ...................................................... 

N A V .   G R O U N D S - P E E D S  ( F T C S E r b  

XD-OTH -.176658F-13 W n T H  = .103000€+03 ............ 
OODY V E L O C T T  

........... 
I E S  ( F T I S E C  

............................... 
k 

UH = .101900F+n7 V W = -.135601E+02 ...................................................... 
L I N E A R   A C C F L E R A T I O N S   l F T / S F C . f 9 ' . )  

D U D O T H  = 0. VnnTH = 0. ....................................................... 
E U L E R   A N G L E S  ( D E G I  

THEH = . 366256€+01   PHI t t  = -.325708E+OO ...................................................... 
BODY R A T E S  ~ R A D I A N S I S E C I ~  

pn = -.375024F-qh OH = -.485496E-05 ...................................................... 
A N G U L A P   A C C E L E R A T I O N S   ( R A D T A N t l t F C . t P . 1  

P 9 O T H  = 0. O V T H  = 0. ...................................................... 
A N G L E S  nF A T T A C K ~ S I D F S L I P  ( O ~ ~ T ~ W I  

A L P H A H  = . 6 3 9 z z 7 ~ - n l  nFTAH = '-.363880E-03 ...................................................... 
R A T E  G Y R O  O U T P U T S  

P I  = -.32159F-03 
01 = .24612E-02 
P I  8 .8557OF-O3 

T I M F  = . 10000Et02  ....................................................... 
I . I Y E J R  A C C E L F 9 0 M E T F R   L L l T P I I T t  

U D D T I  = . 2 3 5 6 2 E t 0 1  
V O O T l  = - . 5 9 1 2 2 € + 0 0  
W D O T I  = - .32061E+02 

T I M E  = .10000E+02 ...................................................... 

Z D O T H  = 

YH 

0 - N U O T H  = 

P S I H  = 

R H  

R D O T H  = 

0. 

a644573EtOl  

0. 

.975443E*Ot 

-.428401E-05 

0. 

F FEP 
DEGREES 

XDOTVH .103000E+03 



I 

LOCAL  LEVEL  NAVIGATOR 

MISLL IGNNENT  FPROPS  POSIT ION ERRORS V E L O C I T Y  ERRORS 

NORTH  FAST nnyN LAT  LONG  ALT  LAT  RATE 
( R b 0 1  I R A 0 1  ( R L ~ I  ( P A 0 1  I R A 0 1   ( F T I  I R A O I S E C I  I R A D I S E C I   ( F T I S E C I  

LONG  RATE 
" E .*.cA-~~ . " 

- . 7 0 6 9 4 E - 0 3   - 4 5 6 5 5 E - 0 2  . 5 5 l h P E - 0 2  . 4 2 0 4 1 E - 0 7   . 4 2 9 1 0 € - 0 7  I . 9 0 9 6 0 E - 0 8   . 9 1 6 0 8 E - 0 8  X" ...................................................... 
. ." - - 

F I N A L   G U I D A N C E  CONHANDS 

TTMF = .10000€+02 S F C  
X D O T G S C  ( F T I S E C )  = 
Z G S C  ( F T I  8 - . 1 3 1 5 0 E + F 4  

.P9504F+07 PSIHRC (OEGI = .90000E+02 ZDOTGSC ( F T I S E C I  = . 9 6 8 4 9 E + O l  

PHIGSC I D F G I  0. P f l G S C  ( D E G I  = . 9 0 0 0 0 E t O 2  
........ 

....................................................... 
CONTRf lLLER  OUTPUTS  ( INtWFC) 

D C C ( 1 )  occ (2 I n c r 1 3 1  D C C l 4 1  

. z 9 0 3 e ~ - o z   - . 6 5 5 z t ~ - n 1   . 1 7 4 1 3 ~ + 0 0   - . 1 7 0 1 9 ~ - 0 1  

T I M E  = . 1 0 0 0 0 E t O Z  ....................................................... 



" 
Y 

HELTCOPTER  VAQIAELEF AT TTWF . 1 0 0 0 0 0 0 n ~ + 0 2  

P O S I T I O N S  

XH 9 . 1 6 4 6 4 5 F * O 7  Y U  = . 9 6 9 7 2 8 E + 0 3   Z H  
L A T H  = . 4 0 6 4 0 0 ~ + n ?  l n N H  = - . 7 4 0 6 3 9 € + 0 2  ...................................................... 

NAV.  GQnUNOSPEEOS ( F T I S F C l  

= - . 1 3 1 ? 1 2 € * 0 4  

X O O T H  = . 2 0 5 7 9 2 ~ + n l  Yn'lTH = . 9 1 2 0 0 2 E * 0 2   Z D O T H  = . 9 6 9 5 7 2 E + 0 1  XOOTVH = . 9 1 2 2 3 4 E + 0 2  ...................................................... 
RODY V E L O C I T I E S   I F T I S E C I  

UH = .897999F+O? \I H = - . 1 2 9 1 4 7 € + 0 1  UH = . l R 7 0 9 2 E * 0 2  ...................................................... 
L I N E A R   A C C E L E R A T I O N S   I F T / ? F r . ? O . )  

OUOOTH = - . 8 7 1 6 4 0 F * O n   V n f l T H  * - . 7 6 2 2 8 2 € - 0 1   D U D O T H  = . 1 8 7 6 9 7 E + 0 0  ...................................................... 
EULER  ANGLES I D E G )  

THEH = . 5 6 8 4 5 2 F * n l   P Y T H   . 1 0 5 3 1 1 E + 0 1   P S l H  = e 8 9 7 3 4 4 E t 0 2  ...................................................... 
POOY R A T E S   I R A O I A N S I S E C )  

p H  8 - . 3 2 1 4 5 9 ~ - n l  OM = . 2 4 1 7 4 3 E - 0 2  RH = . 8 9 7 4 7 1 € - 0 3  ...................................................... 
ANGULAR  ACCELERATION5 l P L ~ T l N ~ / ~ F r , S O . l  

POOTH = . 2 4 6 2 2 1 ~ - n ?   O n n T H  = -. 1 0 0 0 4 1 E - 0 1  ROOTH * - . 2 4 6 5 4 3 € - 0 3  ...................................................... 
A N G L E S  O F  A T T A C K ~ S T D E S L I D  tDAnTaNc)  

ALPHAM = . 2 2 5 8 2 4 € * 0 0   n E T A H   . 1 3 6 2 6 4 € * 0 0  ...................................................... 
RATE G Y R O  OUTPUTS 

P l  = - . 2 2 4 5 3 E - 0 4  
01 = - . 6 6 4 9 6 E - 0 5  
RI = . 1 1 4 5 3 E - 0 3  

T l M E  = .20r)OOE*02 ...................................................... 

U D O T I  * . 2 5 1 1 9 E * 0 1  
V D O T I  = - . 5 7 2 4 9 E * 0 0  
UOOTT = - . 3 2 0 1 9 E * 0 2  

T I M E  = . 2 0 0 0 0 E * 0 2  ...................................................... 

FEET 
DEGREES 



L O C A L   L E V E L   N A V I G A T O R  

H T S A L I G N H F N T   E R R O R S  POSITION E R R O R S   V E L O C I T Y   E R R O R S  

N O R T H   E A S T  
( R A D )  

n n w  
( p h n )  ( R I D )  

L I T  
I R 4 O I  

L O N G  
I R A O )  

A L T  
I F T l  

L I T   R A T E   L O N G  R A T E  V E R T I C A L  
I R A O I S E C I   I R A D I S E C )   I F T I S E C )  

-.89806E-03 . 4 4 3 2 5 E - 0 4  .51*59€-02 .18388E-06 .19259E-06 ...................................................... 
F I N A L   G U I D A N C E   C O M M A N O S  

T I M E  = . ~ 0 0 0 0 ~ + 0 2  sEr 
X D O T G S C   I F T I S E C )  = . n n r ) n o ~ t n z   P S I H R C   I D E G I  = 
Z G S C   I F T )  = -.12150E+OL 

.90000E+02 

P H I G S C  I O E G )  = 0 .  D C I G S C   I D E G l  = .90000E+02 ...................................................... 
C O N T R O L L E R   O U T P U T S   I I N C H F C l  

O C C l i l  OCC (2 1 n r r 1 3 )  OCC 1 4  I 

-.~7478~-01  -.8571o~-n1  .17772~+00 - . I ~ ~ I ~ E - O I  

TrnE = .2OOOOE+02 ...................................................... 

I .19219E-07 .192296-07 I 

Z O r l T G S C   I F T I S E C I  = .99927E+01 



Y E L I C O P T E R   V A Q I b n L E S  AT T T " C  = .20000000E+GZ 

P D S T T I O N S  

XH . 3 6 6 7 7 9 F + n 7  YLI 
L A T H  = 

= . 1 8 3 2 8 6 € + 0 4  
. 4 0 6 4 0 1 ~ + 0 ?   L W H  = - . 7 4 0 t 0 7 F + 0 2  ...................................................... 

NAV. GRflUNDSPEEDS ( F T I S F C )  

X D O T H  = . Z O O ~ ~ ~ F + D I  Y n O T H  = . 8 1 3 0 5 0 E + 0 2  ...................................................... 
eDDY V E L O C I T I E S   ( F T I S E C I  

UH = . 7 9 7 4 8 z ~ + n ?  \ I  H = - . 1 6 2 8 6 5 F + 0 1  ...................................................... 
L I N E A R   A C C E L E R A T I O N S   ( F T I $ F r . T 3 . I  

DUDOTH = - . 9 9 8 1 0 2 F + O n   I J n n T H  = - . 1 1 8 8 7 9 € - 0 1  ...................................................... 
EULER  ANGLES ( O E G I  

THEH = . 6 ~ 7 6 7 3 ~ + n 1  P H l H  = . 9 9 9 7 3 0 E + 0 0  ...................................................... 
B O D Y  R A T E S   ( R A O I A N S I S E C I  

OH = - . 2 2 4 4 3 6 F - Q 4  O H  = - . 6 5 3 1 3 8 F - O 5  ...................................................... 
ANGULAR  ACCELERATIONS ( R 8 n T b N C I t F r . T Q . l  

P D O T H  = . 9 3 1 9 3 6 ~ - n 4   O q n T H  = - . 1 1 3 0 3 1 € - 0 1  ...................................................... 
ANGLES O F  A T T A C K , S I D E S L I p  1 D A ' J T b N r l  

ALPHAH = . 2 5 6 7 8 9 F + O n   R F T A H  = . 1 5 3 2 1 5 € + 0 0  ...................................................... 

ZH 

ZDOTH 

UH 

OWDDTH 

P S I H  

RH 

RDOTH 

. 9 7 9 2 4 5 E + 0 1  XOOTVH = .813297E+02 

. l t l 6 5 4 1 € + 0 2  

- . 1 9 R 7 t l E - 0 1  

. e ~ 6 3 0 ~ + 0 2  

- 1 1 9 4 5 7 E - 0 3  

- .341376E-04 

F E E T  
D E G R E E S  

x 
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